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Page 121, line ro should read ‘‘description of the insect, of which all of the 
early stages are here described and” 


PECTIC ACID FROM THE COTTON FIBER! 
STANTON A. HArRRIs AND H. JEANNE THOMPSON 


INTRODUCTION 


The presence of pectin in the cotton fiber was reported by Schunck 
(10) in 1871. He stated that an alkaline extract of cotton, when acidified, 
gave a gelatinous precipitate which was chiefly pectic in nature, as shown 
by its characteristic appearance and properties. Leech (9g), in an English 
patent applied for in 1916, gave a method for the extraction of pectin 
from vegetable fibers by the use of hydrochloric acid. Ehrlich and Haensel 
(5), in 1935, reported the extraction of pectin from ramie. Early in 1936, 
Anderson (2) reported the extraction of pectin from wood. 

The present investigation was undertaken as part of the program for 
the study of the cementing material in the cotton fiber, as described by 
Farr and Eckerson (8). The present paper describes first the extraction of 
pectic acid from the mature cotton fiber, and second, its definite identifi- 
cation. The principle reagent used for this extraction was 0.5 per cent am- 
monium oxalate solution, although ammonium citrate and potassium 
carbonate solutions were also found to be effective. A subsequent paper 
will show that these treatments remove a major portion of the pectic ma- 
terial. The pectic acid was identified by comparison with the pectic acid 
obtained from commercial citrus pectin. Their rotations, titration equiv- 
alents, carbon dioxide analyses, and yields of mucic acid were found to be 
similar. 

The committee on pectin nomenclature (1) has defined ‘‘pectic sub- 
stance’’ as a complex carbohydrate derivative which is characterized by 
the presence of galacturonic acid units, while ‘‘pectic acid” is an hydroly- 
sis product of varying composition. These definitions are rigidly adhered 
to in this paper. 

EXPERIMENTAL PART 


Material. The material used for this work was Coker’s Super Seven 
cotton fiber (Gossypium hirsutum L. Strain 4) which was grown and ginned 
under our own direction (7). The ginned cotton was then mechanically 
ground by the Claremont Waste Manufacturing Company to such a fine- 
ness that it would pass through a 4o-mesh screen. There was no charring 
in this process. 

Preliminary treatment. The ground cotton was then placed in a Soxh- 
let extractor, and continually extracted with absolute ethyl alcohol for a 
period of 24 hours. From the alcohol extract there was obtained upon 


1 This paper was presented before the Cellulose Division of the American Chemical 
Society meeting at Pittsburgh, Pennsylvania, on September 7, 1936. 
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evaporation a residue which consisted of a considerable amount of color- 
ing material, and an oily waxy material. Further extraction with alcohol, 
ether, or benzol did not yield an appreciable amount of this residue. This 
residue from the alcohol extract is being reserved for future investigation. 

After the above described treatment, the cotton was first air-dried and 
then allowed to stand with distilled water at a temperature of 75° C., for 
a period of twenty-four hours. About 2.5 liters of water were used per 140 
grams of cotton. In later experiments the water extraction was carried 
out in a Soxhlet extractor over a period of 24 hours with equally good re- 
sults. The water was removed by filtration and the filtrate clarified by 
running it through a Sharples continuous centrifuge of the laboratory 
type. This filtrate was then concentrated under diminished pressure at 
40° C. to about one-fifth of its original volume, to which was added twice 
its volume of 95 per cent alcohol containing 1 per cent hydrochloric acid. 
A brownish gelatinous precipitate slowly formed which settled to the bot- 
tom and was later removed by centrifuging. This precipitate, after puri- 
fication, gave 5 per cent carbon dioxide by the usual galacturonic acid 
analysis (4). Further extractions with water yielded very small amounts 
of this material. The fiber loses about 1 per cent of its original weight by 
this extraction. 

Ash analysis on some samples of this precipitate was as high as 25 per 
cent. Ash analysis of the extracted cotton averaged o.19 per cent, while 
the average ash content of the raw fiber was 0.65 per cent. 

Ammonium oxalate treatment. From the cotton, which had undergone 
the alcohol and water extractions, the main fraction of pectic-like material 
was obtained by treatment with 0.5 per cent ammonium oxalate solution. 
One hundred and forty grams of cotton were allowed to stand in 2.5 
liters of the 0.5 per cent ammonium oxalate solution for 24 hours at 75° C. 
After filtration, the solution was clarified, concentrated, and precipitated 
with acidified alcohol in the same manner as described for the water ex- 
tract. The main difficulty with this process is that the jelly-like precipi- 
tate is usually contaminated with oxalic acid crystals. This difficulty may 
be partially overcome by careful addition of alcohol to prevent excessive 
crystallization of oxalic acid. After the third extraction of the cotton fiber 
with ammonium oxalate, negligible amounts of gelatinous precipitates 
were obtained. 

The use of ammonium citrate as the extractant in the above procedure 
avoids the difficulty of contaminating the gelatinous precipitate with 
alchohol-insoluble organic acids. 

Purification. The precipitate from the ammonium oxalate extraction 
was separated by centrifuging, and redissolved in distilled water con- 
taining enough ammonia to make the final solution just alkaline. A cloudi- 
ness which occurred at this point was removed by clarification in a high 
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speed continuous centrifuge. The solution was then acidified with hydro- 
chloric acid, and precipitated by adding an equal volume of 95 per cent 
alcohol. This purification was repeated four or five times. The final pre- 
cipitate was then dispersed with distilled water and coagulated with alco- 
hol. This was repeated three or four times. The bulky material was filtered 
through silk, washed with alcohol and ether, and finally dried in a vacuum 
desiccator over phosphorus pentoxide. The final precipitate contained 0.4 
per cent of ash. 

An alternative method of purification by electrodialysis, as described 
by Emmett (6), was used. The above method of purification was checked 
on pectic acid from commercial citrus pectin which contained approxi- 
mately 6 per cent ash. The final ash content was reduced to 0.5 per cent. 

Identification. A comparison of the chemical properties of the purified 
product from the ammonium oxalate extract from cotton with those of 
the purified pectic acid obtained by hydrolysis of citrus pectin shows 
them to be of a similar nature. These figures are given in Table I. 


TABLE I 
COMPARISON OF CiTRUS PECTIC ACID WITH THAT FROM COTTON 


: . : Purified pectic acid from 
perines Pee a from ammonium oxalate extract 
ey Tel dees of cotton 
laps? +240.5° ino.r N NaOH +225.4° ino.t N NaOH 
= where C=0.919% where C=0.55% 
Titration equivalent = we N NaOH = 8 ee N NaOH 
Ti Po — eae 2ICCHOL Ont a Lg.=409.8 cc. of 0.1 2) 
% COrz 19.9% 19.9% 21.8% 21.7% 
Mucic acid yield 47-5% 44.0% 


Mucic acid was obtained by oxidation of the pectic materials with 
8 per cent hydrobromic acid containing an excess of bromine. The mixture 
was refluxed until the solution was clear, which took at least three days. 
The mucic acid crystallized out on standing, and was obtained in a pure 
state by simply filtering and washing with water; M.P. 209° C. Mixed 
melting point of the mucic acid from citrus pectin with mucic acid ob- 
tained from the product extracted from the cotton fiber showed no de- 
pression. Analysis of mucic acid from pectic acid from the cotton fiber 
follows: 


4.236 mg. substance gave 5.314 mg. COs, and 1.748 mg. H,O 
5.100 mg. substance gave 6.408 mg. CO: and 2.090 mg. H.O 
Theory for CsHioOs C, 34.28; H, 4.76 
Found  CGy34.27; HH, 4.62 

Poh 27s, 4.59 
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Yields. Since the purification of the product described above involved 
considerable loss of material, a direct determination of the pectic acid as 
calcium pectate (3) was made on an extract of cotton fiber. Due to the 
interference of the oxalate ion, 0.5 per cent potassium carbonate was used 
as the extractant. After clarification of the extract in a Sharples centri- 
fuge, the clear filtrate was acidified with acetic acid. An excess of calcium 
chloride was added, and the gelatinous precipitate of calcium pectate was 
collected in the Sharples centrifuge. The product was then purified by 
boiling with distilled water and filtering through silk. This process was 
repeated until the filtrate contained no chloride ions. The product was 
washed with alcohol and dried in a vacuum desiccator. The yield from 
I100 grams of cotton was 7.5 grams or 0.68 per cent. It contained 12 per 
cent ash. 

Pectic acid in the cotton fiber is apparently present as an insoluble salt 
of calcium and perhaps other metals. This is inferred by the observation 
that solutions of salts like ammonium oxalate yield a soluble ammonium 
or potassium pectate, and leave behind on the fiber insoluble calcium oxa- 
late. Subsequent extraction with dilute hydrochloric acid gave a filtrate 
from which calcium oxalate was precipitated by the addition of ammonium 
hydroxide. 

The treatments described in this paper did not destroy the fibrous 
characteristics of the cotton. Unfortunately, apparatus for accurate 
strength measurements was not available, but the cotton was resistant to 
disintegration by grinding in a hand mortar. 


CONCLUSION 


Pectic acid has been extracted from the raw cotton fiber with am- 
monium oxalate solution, 

It was identified by comparison of its rotation, titration equivalent, 
yield of carbon dioxide, and yield of mucic acid with the same properties 
of citrus pectic acid. 
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AFTER-RIPENING AT 5° C. FAVORS GERMINA- 
TION OF GRAPE SEEDS 


FLORENCE FLEMION 


An investigation of the conditions required for optimum germination 
of grape seeds was undertaken following a request from Sicily for informa- 
tion regarding the germination of seeds of our native grapes. The European 
grape (Vitis vinifera L.) which excells all others for its wine qualities can 
survive Phylloxera-infested territory only when grafted on a resistant 
stock. Since most of our native grapes are resistant to this aphid they are 
used extensively here and abroad as understock and in breeding experi- 
ments. 

Grape seeds of the following species and varieties were used: Vitis 
aestivalis Michx. (V. labrtsca var. aestivalis Regel.) commonly known as 
summer or pigeon grape, Vitis bicolor La Conte (V. argentifolia Munson), 
Concord grape derived from the wild Jabrtsca grape (pure-bred or a cross 
with either Catawba or vinifera) by Ephraim W. Bull of Concord, Mas- 
sachusetts in September 1849 (4, p. 221) and the Delaware grape which 
is probably a hybrid of labrisca, Bourquiniana, and vinifera and was first 
brought to notice when found thriving near Delaware, Ohio in 1849 (4, 
D6232) 

The literature available on germination of grape seeds is rather frag- 
mentary considering the great interest in viticulture. Nobbe (5) in 1884 
stated that many months are required for full germination. Ramaley (6) 
in 1902 found that in the common wild grape of the northern United 
States (Vitis cordifolia) some of the seeds germinated within a few weeks, 
while others did not germinate until the second year. Adams (1) reported 
that seeds of Vitis vulpina which he had planted outside in September 
1924 produced a total of 96 per cent germination after 300 days, while 
seeds planted at the same time and kept for a similar period of time in a 
greenhouse gave a total germination of only 66 per cent. 

The results given in this paper show that the seeds of the four different 
grapes tested germinate at a warm temperature but that such germina- 
tion is very sporadic and covers a considerable period of time before a 
fairly complete germination is obtained. A much greater and more uni- 
form germination is obtained when the seeds mixed in a moist medium 
are subjected to a period of several months at about 5° C. just prior to 
being planted in a warm greenhouse (21° C.). Seeds planted out-of-doors 
in the fall in this latitude are subjected to sufficient low temperature so 
that germination occurs within a relatively short period of time in the 
subsequent warm spring. 


Copyright, 1937, by Boyce Thompson Institute for Plant Research, Inc, 
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MATERIALS AND METHODS 

The grapes were collected when ripe in the vicinity of Yonkers, New 
York, except for the variety Delaware which was purchased in the Yon- 
kers fruit market. The seeds were removed from the pulp by the use of a 
Hobart mixer, washed well, and spread out in thin layers. After thorough 
drying, they were stored air-dry in containers at room temperature. 

The seeds when tested in electrically-controlled ovens were mixed in 
granulated peat moss! which had been moistened and wrung out thor- 
oughly by hand until it crumbled apart readily. The moist medium con- 
taining the seeds was placed in bottles and was dampened when necessary 
by the addition of water. The seeds were kept at various constant tem- 
peratures and also at temperatures alternated daily except for Sundays 
and holidays. In a given daily alternating temperature, as for example 
10° and 30° C., the material was kept at the lower temperature (10° C. 
in this case) for 16 hours and then transferred for 8 hours to the higher 
temperature (30° C.) for five days every week. On Saturdays, they were 
held for three hours at the higher temperature and then transferred to the 
lower temperature and kept there over Sunday for 45 hours. Over an 
entire week, the seeds had been subjected to a total of 43 hours at the 
higher temperature and a total of 125 hours at the lower temperature. In 
the case of a holiday coming during the week, the seeds were held at the 
lower of the two temperatures for 40 hours. 

For plantings in soil the seeds were placed in flats containing a mix- 
ture of one-third peat moss, one-third sand, and one-third sod soil. The 
greenhouse temperature was about 21° C. 


RESULTS 
Preliminary results. In the first experiment conducted, seeds of the 
1934 crop of Concord grape were mixed in moist peat moss on November 
6, 1934 and held at the four different temperatures shown in Table I. Over 
TABLE I 
GERMINATION PERCENTAGE OF CONCORD GRAPE SEEDS WHEN KEPT IN A 
Moist MrepiuM Ar VARIOUS TEMPERATURES 


Period at va- Percentage germination 
rious temp., ~~ ——__—_— S$ ——— 
months ae> GC. jro- and os" 'C.| rs-and so Co e7 GG 
2 ° IO 30 — 
Intact seeds 4 fe} 53 41 63 
6 o 55 44 90 
Protective tip over 2 ° 4 | 12 — 
radicle removed 4 ° 30 20 — 
16) ° 40 22 32 


Germinations obtained several weeks after transfer to greenhouse. 


' Purchased from Atkins and Durbrow, New York City. 
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50 per cent germination was obtained after four months at 10° and 25° C. 
alternated daily (16 hours at ro° C. and 8 hours at 25° C.) while no germi- 
nation had occurred even after six months at 25° C. Since grape seeds do 
not germinate at 5° C., they were planted in the greenhouse after the 
fourth and sixth month when 63 and 90 per cent germinated within 
several weeks after planting. The figures in Table I are averages of dupli- 
cate lots of 200 intact seeds and averages of duplicates of 50 seeds each 
in case part of the hard outer coat was removed. Germinations at the 
daily alternating temperatures (10° and 25° C., and 15° and 30° C.) were 
scattered over a considerable period of time while the germinations from 
seeds subjected for four months at 5° C. occurred within several weeks 
after planting. In every case the intact seeds gave higher germination 
percentages when compared with the results obtained from the series 
which at the beginning of the experiment had part of the outer coats 
removed. 

Alternating temperatures. In subsequent experiments other alternating 
temperatures were tested to determine whether complete germination 
could be obtained within a short period of time. Grape seeds of Concord, 
Delaware, aestivalis, and bicolor were placed in a moist medium at various 
temperatures alternated daily. The subsequent germinations ranged over 
a considerable period of time. The highest percentages were obtained with 
aestivalis and the results of one of the tests are shown in Table II. The 


ANIL, 1 


EFFECT OF VARIOUS ALTERNATING TEMPERATURES UPON SUBSEQUENT GERMINATION 
OF SEEDS OF V. AESTIVALIS 


Temp. ° C: Percentage germination after various months 
alternated daily 

I 2 3 4 5 
rand 25 ° 9 25 39 43 
5 and 25 ° Io 27 38 42 
1o and 25 2 18 38 46 48 
15 and 25 2 22 40 63 65 
1 and 30 a 2D 56 66 68 
5 and 30 4 35 56 59 60 
10 and 30 4 39 54 71 2 
15 and 30 4 36 63 64 68 
20 and 30 7 38 60 65 67 


germinations recorded in this table are averages of duplicate lots of 200 
seeds of the 1934 crop placed at the various temperatures on February 11, 
1935. Over 50 per cent of the seeds had germinated at the end of the third 
month in five of the nine temperatures tested. However, even after five 
months at the most favorable of the daily alternating temperatures (Table 
II), the total germination percentage did not exceed the percentage ob- 
tained when the seeds were kept at 5° C. for three months and then 
planted (Table III). 


«= 
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Various low temperatures. Seeds of the 1934 crop of aestivalis and Con- 
cord were mixed in moist peat moss and placed at four different low 
temperatures on November 16, 1934. Duplicates of 50 seeds from each 
lot were planted in the greenhouse after 0, 2.3, 3, and 6.5 months. The 
subsequent germinations always occurred within several weeks after 
planting. As seen in Table III the seeds held three months at 5° C. showed 
optimum germination while the seeds with no previous treatment at low 


TABLE IIt 


PERCENTAGE GERMINATION OF GRAPE SEEDS WHEN PLANTED IN THE GREENHOUSE 
AFTER VAaRIoUS MontTHs AT Low TEMPERATURE 


Percentage germination after various months 

Temp. aestivalis Concord 
° De 3 OS ° 233 3 675 
en Oe 6 61 75 56 2 I 18 62 
5 C 6 63 75 73 2 10 74 78 
Ice box* 6 56 69 74 2 5 74 65 
LONG, 6 62 47 50 2 eee ra 83 


* Temperature in ice box fluctuated from 2° to 8° C. 


temperature germinated very poorly. In another test, seeds of the 1934 
crop of Concord were planted in the greenhouse after being subjected 
while in a moist medium for five months to 1°, 5° C. icebox (temperature 
fluctuated from 2° C. to 8° C.), 10°, 15°, 20°, 25°, and 30° C. The subse- 
quent germinations are illustrated in Figure 1. No germinations occurred 
at any of the temperatures prior to planting except at 30° C. where 4 per 
cent germinated before planting and 5 per cent germinated while in the 
greenhouse. The results in Figure 1 show very clearly the efficacy of a pre- 
treatment at low temperature. 

Room temperature storage. Other tests were made with seeds of the 
1935 crop of bicolor, Concord, and Delaware at the time the seeds were col- 
lected and at various intervals up to twelve months from the time of har- 
vest. The seeds (lots of 200 each) were planted in the greenhouse after 
being subjected while in a moist medium to 5° C. for o, 3, and 4.5 months. 
Very poor germination results were obtained when the control seeds were 
planted directly in the greenhouse (Table IV), while high percentages 
resulted when the seeds had been pretreated at 5° C. In the case of Dela- 
ware grape, fresh seeds as well as those previously stored germinated 
equally well after a period of three months at 5° C. Seeds of bicolor and 
Concord required a longer pretreatment at low temperature when fresh 
or old as compared with seeds from the same lot after air-dry storage at 
room temperature for several months prior to the period at 5° C. Hence 
periods of dry storage were found which decreased the time required at 
low temperature for optimum germination, but no amount of previous dry 
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°c ICEBOX 10°C SoC ne 


FiGuRE 1. Concord grape seedlings (percentage germination) produced in a ‘warm 
greenhouse when lots of too seeds each of the 1934 crop were pretreated in a moist medium 
for five months at the various temperatures. Photographed on March 29, 1935 six weeks 
after planting. 


FIGURE 2. Grape seedlings photographed August 9, 1935. Lots of 200 seeds each of 
the 1934 crop of (A) aestivalis, (B) Concord, and (C) Delaware planted on October 1, 1934 
and kept out-of-doors at various conditions. 
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TABLE IV 
Errect oF Varrous Prertops AT 5° C. UPON SUBSEQUENT GERMINATION OF GRAPE SEEDS 
. Percentage germination when planted in greenhouse after 
cee ae ia various months at 5° C. 
baa bicolor Concord Delaware 
temperature, 
ee ° 3 4.5 ° 3 4.5 ° 3 4.5 
fe) ° 9 49 ° 22 73 4 63 76 
5 ° 47 70 ° 66 82 ° 76 78 
3 D 56 76 14 63 83 12 a= oo 
4.5 ° — 690 fo) 7° 68 4 — — 
6 8 66 62 ° 38 72 12 66 70 
7 10 44 50 ° 17 42 4 56 72 
12 I 37 61 ° 23 56 3 44 53 


storage entirely eliminated the necessity of this pretreatment. After about 
6 months of dry storage at room temperature the seeds begin to slowly 
lose their vitality and are then favored by longer pretreatments such as 
4.5 months at 5° C. (Table IV). 


TABLE V 
SEEDLING PRODUCTION OF GRAPE SEEDS WHEN PLANTED Out-oF-Doors IN CoLD FRAMES 


Percentage germination in the spring 

Mulched cold Frame with Open cold Control (21° C. 
Variety frame board cover frame greenhouse) 

1934 1935 1934 1935 1934 1935 1934 1935 

crop crop crop crop crop crop crop crop 
aestivalis 65 — 36 — 16 — 56 -— 
bicolor — 27 — 14 — 5 — ° 
Delaware 56 60 ox 66 46 54 ° 4 
Concord 79 71 70 70 65 59 ° ° 


Cold frames. Seeds of the 1934 and 1935 crops were planted in flats in 
the fall and placed in cold frames. Three conditions out-of-doors were 
used—cold frames without cover, cold frames with a board cover, and 
board-covered cold frames within which the flats containing the seeds 
were mulched (covered with dry leaves). The controls were kept in a warm 
greenhouse at about 21° C. Plantings of the 1934 crop were made on 
October 1, 1934 and those of the 1935 crop were made on September 30, 
1935. Several counts were made the subsequent springs. The results ap- 
pear in Table V. The percentages given for the 1934 crop are averages of 
triplicate lots of 200 seeds, while the figures for the 1935 crop are averages 
of duplicate lots of 200 seeds. The seeds of Delaware and Concord germi- 
nated very poorly when kept in the warm greenhouse but gave a high seed- 
ling production in the flats subjected to the cold out-of-doors during the 
winter months. In the case of aestivalis seeds the high germination of 56 
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per cent obtained in the greenhouse was prolonged over the winter months 
while 65 per cent germination was obtained within a few weeks after 
having been in the mulched frame over winter. Some of the seeds in the 
board cover and open frames were probably killed by the rather severe 
changes in temperature in these frames. The mulched condition main- 
tains a more even temperature throughout the winter. The illustrations 
in Figure 2 (one set of the triplicates averaged in Table V) show the de- 
velopment and percentage survival of the seedlings of the 1934 planting 
of seeds of aestivalis, Concord, and Delaware when photographed the fol- 
lowing summer. 

In the discussion of Table IV it was pointed out that seeds of bicolor 
do not respond so readily if subjected to low temperature when freshly- 
harvested. The seeds of bicolor and aestivalis were planted and placed in 
the cold frames only five and ten days respectively after being collected 
and cleaned and this may account for the low germination percentages 
shown in Table V for these two species. In this connection it is interesting 
to note that the Delaware grape seeds of the 1935 crop which were planted 
19 days after the time of harvest produced consistently higher germina- 
tion percentages than the seeds obtained (Table V) from the 1934 crop 
planted only five days after harvest. The 1934 and 1935 crops of seeds of 
Concord grape were planted 11 and 20 days respectively after harvest. 


DISCUSSION 


Grape seeds can be germinated readily at various temperatures but 
the optimum number of seedlings can be obtained within a period of a 
few weeks when the seeds are given a pretreatment of several months at 
5° C. just prior to planting. The seeds collected when ripe should be freed 
of the pulp, dried, and then stored at room temperature. Since the most 
effective period of air-dry storage was found to be 3 to 6 months, the seeds 
should therefore be mixed in moist peat moss in mid-winter and placed at 
about 5° C. Very little space is required since a great number of seeds can 
be mixed with a relatively small amount of moist peat moss. This material 
placed in a container and covered with cheesecloth needs no special at- 
tention while at the low temperature except that it be watered about 
twice a month. After adding a little water the whole mass should be 
thoroughly mixed. After 3 to 4 months in this condition, the seeds— 
easily freed of the peat by washing through a sieve—can be planted in 
the spring either in the greenhouse or out-of-doors. Anyone having avail- 
able a cool cellar, an electric refrigerator, or an icebox running at about 
5° C. can use this method. Another method is to plant the seeds in the 
fall out-of-doors in cold frames, but the total yield is not as great as when 
the above described low temperature pretreatment is employed. In addi- 
tion, the cold frames involve space and added labor. 
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Some seedlings can also be obtained by planting the seeds directly in 
a warm greenhouse. The germination percentage is usually quite low and 
considerable time elapses before a number of seedlings is obtained. An- 
other way to obtain seedlings is to keep the seeds while in a moist medium 
at certain daily alternating temperatures. The peat moss dries out rapidly 
at these temperatures and should be watered frequently, at least once 
and often twice weekly. In addition, the germinated seeds as they appear 
must be picked out and planted. There is considerably less trouble in- 
volved when the material is subjected to 5° C. because water added only 
every second or third week is sufficient. Germinations rarely occur at this 
low temperature and all of the seedlings appear within a few weeks after 
the seeds are planted in a warm place. Moreover, a higher total germina- 
tion results when the seeds are subjected to this cold treatment. 

Chauveaud (2) stated that by removing part of the seed coat of V. 
rupestris—the protective tip over the hypocotyl—the seeds germinated 
within ten days at 27° C., while seeds at this temperature with only split 
coats did not germinate even after two months. Such experiments in our 
laboratory gave consistently lower results than intact seeds under similar 
conditions. The embryos were probably injured during the removal process. 

Since seedlings were obtained with or without a pretreatment at low 
temperature, they were examined rather frequently to determine differ- 
ences in rate of growth, etc. In some of the rosaceous forms (3) seeds, 
which normally require a pretreatment at 5° C. before germination occurs, 
when forced to germinate at 25° C., produce seedlings which manifest 
dwarfish characteristics. As far as could be ascertained all the grape seed- 
lings observed were normal. 

The method of a pretreatment at 5° C. as suggested in this paper 
should be of considerable assistance in the germination of grape seeds 
either from the standpoint of developing new hybrids or of producing a 
maximum number of seedlings at a given time for understock. 


SUMMARY 


rt. Optimum germination results were obtained when grape seeds 
(Vitis aestivalis, V. bicolor, Concord, and Delaware) were pretreated for 
three to four and one-half months in a moist medium at about 5° C. and 
then planted in a warm place. 

2. Seeds also germinated at various temperatures alternated daily, 
but the germination extended over a considerable period of time. 

3. Removing part of the seed coat over the radicle reduced the 
germination, 

4. Seeds of bicolor and Concord stored air-dry for several months re- 
spond to shorter periods at low temperature than do older or freshly- 
harvested seeds. 
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5. A good seedling production can be obtained in the spring by plant- 
ing the seeds out-of-doors in the fall in a mulched cold frame. 

6. Even though seeds germinate at a warm temperature the total 
germination percentage can be increased considerably by a period in a 
moist medium at about 5° C. prior to planting. 
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FACTORS INFLUENCING THE DEVELOPMENT OF ASCORBIC 
ACID AND GLUTATHIONE IN POTATO TUBERS 
FOLLOWING TREATMENT WITH 
BT HYLENE CHLORHYDRIN! 


Joun D. GUTHRIE 


Potatoes are an important source of ascorbic acid (vitamin C) in the 
diet of many people. Although they contain less ascorbic acid than a 
number of other foods such as the juice of citrus fruits and tomatoes, they 
are eaten so frequently and in such quantities that large amounts of ascor- 
bic acid are obtained from them. New potatoes contain more ascorbic 
acid than old potatoes, since ascorbic acid decreases in the tubers during 
storage. At the end of winter they are low in ascorbic acid and this is the 
time that fresh vegetables are most likely to be limited in the diet. A 
method that could be used to increase the ascorbic acid content of old 
potato tubers might prove useful for increasing their food value. Any 
factors that change the ascorbic acid content are interesting from this 
standpoint in addition to their theoretical significance. 

In previous papers (5, 6) it has been shown that treatment of potato 
tubers with ethylene chlorhydrin and other chemicals increases the glu- 
tathione content. It is customary to take ascorbic acid into consideration 
in dealing with glutathione because both react with iodine in acid solu- 
tion and both play a part in the oxidation-reduction processes of cells. 
Because of this, a number of ascorbic acid determinations were made in 
connection with the work on glutathione, but these were not published, 
since no change was observed following treatment with ethylene chlorhy- 
drin. Recently Pett (9) has presented data showing that ascorbic acid 
increased following treatment with ethylene chlorhydrin. A perusal of 
the unpublished determinations of ascorbic acid showed that they were 
all made on uncut tubers, while Pett used cut tubers and subsequent work 
has shown that this explains the apparent discrepancy. Since cutting had 
such a marked effect on the behavior of ascorbic acid and, as later experi- 
ments showed, of glutathione, it was decided to investigate the effect of 
this and other factors on the development of ascorbic acid and gluta- 
thione in potato tubers following treatment with ethylene chlorhydrin. 


TREATMENTS AND SOURCES OF TUBERS 
The chemical treatments were made according to the methods of 
Denny (1). Unless otherwise stated, vapor treatments of whole tubers 
were used. A 3.5 liter container was half filled with the tubers, 3 or 4 cc. 


1 Herman Frasch Foundation for Research in Agricultural Chemistry, Paper No. 140. 
Copyright, 1937, by Boyce Thompson Institute for Plant Research, Inc. 
(17) 
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of 40 per cent ethylene chlorhydrin were poured on cotton above the 
tubers, and the container sealed with plasticine. The check tubers were 
placed in a similar closed container. In the cases where dip treatments 
were made, cut pieces were dipped in a solution of ethylene chlorhydrin, 
40 cc. of 4o per cent per liter, the solution drained off, and the pieces kept 
in a closed container. The check tubers were dipped in water. The dura- 
tion of all of the treatments was 24 hours. 

Various lots of tubers were used for the experiments. One lot was 
second crop Irish Cobblers bought in New Jersey early in November. 
Small, rather immature tubers grown in the greenhouse were used for 
some of the experiments. However, most of the new tubers were bought 
locally, but were southern-grown. The Bliss Triumph tubers came from 
Cuba, and from Belle Glade and Princeton, Florida. The latter lot was 
grown by Mr. John W. Campbell who verified the variety. One lot of 
Spaulding Rose, presumably from Florida, was used. Several lots of old 
Green Mountain tubers and one lot of old Irish Cobblers were also used. 
These old tubers were well out of their rest period. The use of so many 
varieties and sources of tubers was necessitated by the difficulty of getting 
suitable material during the winter months. As a result, however, certain 
conclusions are not limited to a particular variety or source of tuber. 


DETERMINATION OF GLUTATHIONE 


Glutathione was determined by a modification of the sulphur reduc- 
tion method of Guthrie and Wilcoxon (6). It was desirable to modify this 
method so that ascorbic acid could be determined on the same extract. 
The original method called for dropping the tissue into boiling water, 
cooling, and extracting with alcohol. This extract is not suited to analyses 
for ascorbic acid, since low values are obtained. However, the conclusion 
of Pett (g) that low glutathione values are found could not be verified, 
since the non-ascorbic acid iodine reducing substances, called glutathione 
by Pett, were no lower than found with metaphosphoric acid extraction. 
It was found, however, that the metaphosphoric acid extract could be 
used for the determination of glutathione by the sulphur reduction 
method, and since it is somewhat more convenient than the alcohol ex- 
traction and also may be used for the determination of ascorbic acid, as 
shown by Fujita and Iwatake (4), it was used in the present investigation. 

The tubers or cut pieces were washed and the callus was cut from the 
cut pieces, but in no case was the peel removed. In some of the later ex- 
periments, after it was found that the cut surface played an important 
part in some of the changes observed, the callus was not removed. This 
is indicated in the text or tables. 

The extraction was made by placing 50 g. of the tissue, taking care to 
obtain a representative sample, into a large mortar containing 50 cc. of 
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freshly prepared 5 per cent metaphosphoric acid and ro g. of washed 
quartz sand. The tissue was then crushed and ground until fine. An ad- 
ditional 50 cc. of metaphosphoric acid and 50 cc. of water were added. 
The suspension was poured into centrifuge bottles and allowed to stand 
20 minutes with frequent shaking. It was then centrifuged and the super- 
natant liquid filtered through absorbent cotton. 

Since some oxidase seemed to remain in the metaphosphoric acid ex- 
tract, it was necessary to add KCN before neutralization of the extract 
for the determination of glutathione. The procedure used for most of 
the determinations was to add 3 cc. of 1 per cent KCN to 60 cc. of the 
extract and adjust to pH 6.6 to 6.8 with 20 per cent NaOH. About 2 cc. 
were required. The addition of a few drops of bromothymol blue aided in 
the adjustment of pH. After the addition of the KCN the solutions should 
not be measured with a pipette, since HCN is present in the vapors above 
the solution. Careful measurement in a graduated cylinder was found to 
be sufficiently accurate and should lead to less than 2 per cent error. 

After adjustment of the pH, so cc. portions of the extracts were meas- 
ured at once into Van Slyke-Cullen aeration tubes, ro drops of paraffin 
oil and 2 cc. of a saturated solution of sulphur in absolute alcohol added 
and the solutions aerated with nitrogen into tubes containing 25 cc. of 2 
per cent zinc acetate for four hours. At the end of this period, 5 cc. of 
para-amino-dimethylaniline hydrochloride, too mg. per too cc. of 20 per 
cent HCl, and 5 cc. of M/50 FeCl;-6H2O in 1:9 HCI were added to the 
receiver. Methylene blue developed proportionally to the amount of H2S 
absorbed by the zinc acetate. The solutions were allowed to stand over- 
night so that any zinc cyanide would go into solution. The methylene blue 
solutions were then made to volume, usually 50 cc., and compared in a 
colorimeter with standards prepared from known amounts of hydrogen 
sulphide. 

The standards were prepared from a N/rooo solution of H»S in dilute 
NaOH. This was prepared by dilution from a concentrated solution made 
by bubbling H.S through roo cc. of water and 10 cc. of N/t NaOH for 5 
minutes, adding to cc. more of the NaOH and diluting to 1.5 liter. The 
concentration of this solution was determined by iodometric titration 
using N/50 iodine and N/too Na,S.O; and the amount required to make 
a N/tooo solution diluted to one liter. The series of standards usually 
used were made by adding 1, 2, 5, and 1o cc. of the N/1ooo solution to 
25 cc. of 2 per cent zinc acetate in 50 cc. flasks, adding 5 cc. of para-amino- 
dimethylaniline hydrochloride and 5 cc. of ferric chloride and making to 
volume. 

Since in the above procedure, glutathione did not yield the theoretical 
amount of H.S called for by the reaction, 2G6SH+S—H.S+GSSG, it 
was necessary to determine the amounts of hydrogen sulphide obtained 
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from known amounts of glutathione using the same procedure as in the 
determinations. For this purpose, known amounts of glutathione were 
added to metaphosphoric acid solutions containing the required amount 
of KCN and adjusted to pH 6.6 to 6.8, or to extracts of potato tissue in 
which reduced glutathione had been removed by adjusting to pH 6.6 to 
6.8, adding a saturated solution of sulphur in alcohol and aerating with 
nitrogen for four hours. Potassium cyanide was then added, the pH read- 
justed and known amounts of glutathione added to 50 cc. portions just 
before adding the usual 2 cc. of sulphur in alcohol and aerating. In such 
an experiment, 1, 2, 3, 4, 6, and 8 mg. of glutathione yielded 1.7, 3.9, 6.8, 
10.3, 17.1, and 25.5 cc. of N/1000 HS respectively from metaphosphoric 
acid solutions and 1.9, 4.6, 7.0, 9.6, 16.4, and 23.1 cc. N/1ooo HeS respec- 
tively from potato extract prepared as described above. It will be seen 
that with the procedure used, the yield from potato extracts was essentially 
the same as from metaphosphoric acid solutions. 

Since the procedure for the sulphur reduction method was under in- 
vestigation while the experiments reported in this paper were being made, 
various modifications of the procedure were used. However, in no case did 
these modifications affect the yield of HS over 10 per cent, with the ex- 
ception of a few early determinations made when the importance of adding 
KCN was not known. In all cases where the procedure was modified, a 
recovery curve for known amounts of glutathione made by the modified 
procedure was used in the calculations. 

In obtaining the values reported, which are in terms of cc. N/1o0o0 per 
roo g. tissue, it was assumed that volume obtained by adding 150 cc. of 
fluid to 50 g. of fresh tissue, composed mostly of water, was 200 cc. The 
60 cc. aliquot of the extract used for the glutathione determinations, 
therefore, represented 15 g. The dilution of this by the addition of 3 cc. 
of 1 per cent KCN and 2 cc. of 20 per cent NaOH makes the amount of 
tissue represented by 50 cc. used in the aeration 11.54 g. 


DETERMINATION OF ASCORBIC ACID AND 
OTHER REDUCING SUBSTANCES 

A 25 cc. aliquot of the metaphosphoric acid extract, which was as- 
sumed to represent 6.25 g. tissue, was titrated with 2,6-dichlorophenol- 
indophenol, using a solution prepared by grinding 200 mg. of the dye with 
water in a mortar, making up to 200 ce. and filtering. The dye was made 
fresh every few days and was standardized against a weighed portion of 
ascorbic acid not over two days prior to use. From this titration the 
ascorbic acid content was calculated in terms of cc. N/1oo per too g. 
tissue. 

Another portion of the filtrate was titrated with N/1oo iodine in N/20 
KI, After calculating the cc. N/1oo iodine per roo g. of tissue, the value 
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for ascorbic acid was subtracted from this. The difference includes gluta- 
thione and any other iodine-reducing substance present in the tissue. 
Since glutathione values obtained by the sulphur reduction method are 
much lower, it is assumed that iodine-reducing substances other than 
ascorbic acid and glutathione are present in the tissue. This value obtained 
by difference is, therefore, called non-ascorbic acid reducing substances. 

It is possible by subtracting the glutathione values as well as the 
ascorbic acid values from the iodine values to obtain a figure which should 
represent iodine-reducing substances other than ascorbic acid or gluta- 
thione. This value is not very accurate since it is affected by the error of 
three determinations. It was calculated wherever possible but is not re- 
ported in the tables, since in general it showed the same changes as 
glutathione. 

EFFECT OF CUTTING 

Since the explanation for the apparent discrepancy between the results 
of Pett (9) and some unpublished analyses for ascorbic acid was found to 
be due to Pett’s treating cut pieces which were subsequently planted, 
while the unpublished data were for uncut tubers, an extensive study of 
the effect of cutting and planting was made. The results are shown in 
Table I. In the first experiment in which freshly-harvested Irish Cobblers 
were used, the whole tubers showed no increase in ascorbic acid due to 
treatment with ethylene chlorhydrin. However, the same tubers when cut 
into pieces and planted showed a definitely higher ascorbic acid content 
on the sixth day in the treated sample. This was also true of pieces that 
were cut just before treatment by the dip method and then planted. The 
data, however, show that no true increase in ascorbic acid took place in 
the treated sample, but that the ascorbic acid content of the treated sample 
remained rather constant while the ascorbic acid content of the check 
sample decreased. The second experiment of Table I was made with the 
same tubers after about 3 months’ storage. In this case the ascorbic acid 
content of the untreated whole tubers had fallen to about one-half of that 
found in the freshly-harvested tubers. In this case also, no significant 
increase in ascorbic acid due to ethylene chlorhydrin treatment took place 
in the whole tubers, but in the cut tubers a large increase took place. This 
was a true increase and not due to a decrease in the check tubers. 

It seems that the ethylene chlorhydrin treatment does not increase the 
ascorbic acid content beyond a certain level, and hence if the ascorbic acid 
content is already high, serves only to maintain this high level, while if the 
ascorbic acid content is low, the treatment increases the ascorbic acid con- 
tent above this low level. In order to show this more clearly, pieces of the 
second crop Irish Cobbler tubers were planted for one week. At the end of 
this time the ascorbic acid content had fallen to 11.2 cc. N/troo per 100 g. 
tissue. The callus that had formed at the cut surface was removed in a 
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thin layer and half of the pieces were treated with ethylene chlorhydrin 
by the dip method. Four days later the treated sample had an ascorbic 
acid content of 20.4 while the check sample that had been dipped in 
water had an ascorbic acid content of 11.9. 

In the third and fourth experiments of Table I, old Irish Cobblers 
were used. These were well out of their rest period and had a low ascorbic 
acid content. An increase in ascorbic acid took place in the cut pieces and 
also to a smaller extent and more slowly in the whole tubers. Later experi- 
ments show that a large increase in ascorbic acid can be obtained in whole, 
non-dormant tubers after about 20 days. However, the ascorbic acid 
change takes place in three to six days in cut pieces. 

The last experiment of Table I was made with new Bliss Triumph 
tubers from Florida. The ascorbic acid content of these tubers was high. 
The treatment produced no increase in the whole tubers, but the cut pieces 
of the treated sample maintained a high ascorbic acid content, while the 
pieces of the check sample rapidly lost ascorbic acid. The cut pieces in this 
experiment were kept in moist chambers instead of being planted. This 
shows that the effect observed is due to cutting and that planting is not 
necessary. Additional evidence for this will be found in later tables. 

The difference in the ascorbic acid due to treatment with ethylene 
chlorhydrin is not due to a change of reduced ascorbic acid to its oxidized 
form in the planted check tubers, since analysis of the juice and of the 
trichloracetic acid extract of treated and check cut pieces by the method of 
Emmerie and van Eekelen (3) which includes both oxidized and reduced 
ascorbic acid showed the treated sample to be much higher in ascorbic acid. 

Table I also shows large increases in glutathione due to treatment 
with ethylene chlorhydrin such as have been reported previously (5). The 
freshly-harvested Irish Cobbler whole tubers showed a larger and quicker 
increase than the old tubers. In general, freshly-harvested tubers give 
larger and quicker response to chemical treatment. It will also be noted 
that glutathione behaved similarly to ascorbic acid in being affected by 
cutting, since a larger and more prompt increase in glutathione was ob- 
served in the cut pieces. With respect to glutathione the Bliss Triumph 
tubers from Florida behaved exceptionally, since no increase was ob- 
served in the whole tubers up to seven days after treatment. This also 
proved true of another lot of Bliss Triumph tubers from Florida and also 
of a lot from Cuba. However, in later experiments a large increase in 
glutathione was observed in these tubers in a sample taken 11 days after 
treatment and in another sample taken 27 days after treatment. The 
glutathione increase, therefore, takes place even in these southern-grown 
Bliss Triumph whole tubers, but very much more slowly than in most 
tubers. There is no definite answer as yet as to whether this delayed in- 
crease in glutathione is a varietal difference or due to the conditions under 
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which the tubers were grown. Some immature, second crop, Bliss Triumph 
tubers grown in Yonkers showed a prompt increase in glutathione. 

The same conclusions concerning glutathione can be drawn from the 
data in Table I even though the value for non-ascorbic acid reducing sub- 
stances is considered to be glutathione. Since the sulphur reduction 
method, which is much more specific for glutathione than the iodine titra- 
tion, shows lower values, iodine-reducing substances other than glutathione 
are present in potato tubers. These, however, seem to parallel glutathione 
in the changes that occur due to treatment with ethylene chlorhydrin. 

Since cutting had such a marked effect on the development of gluta- 
thione and ascorbic acid in treated tubers, the question arose as to whether 
the effect of cutting was due to the admission of extra oxygen or to the 
occurrence of some chemical change in the tuber that aided the develop- 
ment of glutathione. If the tubers were cut previous to treating and a 
callus allowed to form, they should show a large increase in ascorbic acid 
and glutathione following treatment if some permanent change had re- 
sulted from the cutting. However, if the admission of oxygen was an im- 
portant factor, the newly formed callus might hinder its entrance as much 
as the peel and the cut pieces would act like whole tubers. Table II shows 
that cutting, to be effective, must follow or precede the treatment by only 

TABLE Il 


EFFECT OF CUTTING ONE WEEK BEFORE TREATMENT ON THE DEVELOPMENT OF 
GLUTATHIONE AND ASCORBIC ACID IN Potato TUBERS 


Days Non-ascorbic 
after Ascorbic acid acid reducing Glutathione 
Condition of tubers | start of substances 
treat- 
ment | Treated | Check | Treated | Check | Treated | Check 
Cut 1 week before 3 14.2 neo 6.6 G56 oP? ase ant 
treatment 7 12.4 13.0 Races Wail oad 3.2 
Cut after treatment 3 20.0 18.4 18.8 5.6 10.3 3.4 
7 Dee 162 19.1 6.2 12.8 2.0 
Whole pi} 18.4 17.8 8.0 7.0 4.8 oon 
7 16:2 72 su digs! 6.8 6.8 BB 


a short interval. The data show that no increase in ascorbic acid took 
place in either the whole tubers or in the pieces with the old cut surface, 
but that pieces cut from the same whole tuber immediately after treat- 
ment showed a large increase in ascorbic acid. The behavior of glutathione 
is similar, the increase in the whole tubers and in the cut pieces with the old 
cut surface was of about the same magnitude, but was smaller and occurred 
later than the increase in the freshly cut pieces. It appears from these 
results that the cut surface has changed within one week in such a way 
as to act like the peel, so that the pieces with the old cut surface act very 
much like whole tubers, 


—— ae hk 
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In some previous experiments (7) it was observed that butyl bromide 
treatments did not increase the glutathione content of whole potato 
tubers. It was pointed out that this was an exception to the rule (5) that 
treatments which increase the pH also increase the glutathione content 
since a large increase in pH was observed with butyl bromide treatments. 
Since cutting has such a marked effect on the development of glutathione, 
and since the correlation between the pH increase and the increase in 
glutathione was established using cut pieces, it was thought that if tubers 
were cut and planted following treatment with butyl bromide an increase 
in glutathione might occur. Table III shows that this proved to be the 
case and that the glutathione increase observed in the cut pieces was of 
the same order of magnitude as observed with ethylene chlorhydrin treat- 
ments. An apparent exception to the correlation between an increase in 
pH and an increase in glutathione has, therefore, been explained. 


TABLE III 


EFFECT OF CUTTING ON THE DEVELOPMENT OF GLUTATHIONE AND ASCORBIC ACID 
FOLLOWING TREATMENT WITH BUTYL BROMIDE 


aes Days Non-ascorbic 
ee after Ascorbic acid acid reducing Glutathione 
Tubers used mee ~ | start of substances 
treat- 
treatment | ent |Treated*| Check |Treated*| Check |Treated*| Check 
Spaulding Cut and 7 25.1 17.2 NT oi 6.0 12.0 27 
Rose, new planted 
Bliss Tri- Whole 5 18.6 14.2 7.8 9.0 4.0 Arar 
umph Cut and 5 BRD; 16.2 16.8 ar 10.9 Dyes 
planted 


* 0.5 cc. of butyl bromide per 3.5 liter container one-half full of tubers. 


The marked effect of cutting on the development of glutathione and 
ascorbic acid in potato tubers following treatment with ethylene chlor- 
hydrin led to experiments in which the cut surface, which had not previ- 
ously been included in the samples, was analyzed separately. The results 
of these experiments are given in Table IV. It was found that the changes 
started a day or so sooner in the cut surface. In the first experiment 
Spaulding Rose tubers that had been stored one month after purchasing 
in the local market were used. The ascorbic acid was much higher in the 
cut surface of both the treated and check sample, than in the inside of 
the pieces up to the fourth day. A marked drop took place in the ascorbic 
acid content of the surface of the check sample on the seventh day. In 
the cut surface, the treated sample was significantly higher in ascorbic 
acid than the check sample on the third day, but the change inside of the 
piece appears to start about the fourth day. In the cut surface the gluta- 
thione was higher than the check sample on the second day and reached 
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TABLE IV 


DEVELOPMENT OF GLUTATHIONE AND ASCORBIC ACID IN THE CUT SURFACE COMPARED WITH 
THE REST OF THE PIECE FOLLOWING TREATMENT WITH ETHYLENE CHLORHYDRIN 


Days Non-ascorbic : 
Part after Ascorbic acid acid reducing Glutathione 
Tubers used start of substances 
ment | Treated | Check | Treated | Check | Treated | Check 
2 23.6 2073 16.4 8.5 4.8 Ca tp 
Cut sur- 3 2200 26.0 16.8 6.8 9.4 2.8 
’ face 4 33.8 20.0 15.0 6.8 g.o — 
Spaulding 7 30.1 9-7 15.5 Bes 8.9 1.8 
Rose stored 
1 month 2 16.2 154 bap Ge ToS Rae) 2.8 
Inside 3 Dyed 154 11.7 ao 6.2 2.8 
4 19.9 TOn7 E53 6.5 9.0 2a 
7 2265 14.9 Egn a7 10.4 Zag 
2 18.0 Tas 6.8 gem sey ( hors 
Cut sur- 3 34.8 18.8 22.8 6.8 g.0 ro 
face 6 20.3 8.9 Pte ae 14.5 235 
8 21.8 4.9 25.4 Bey Bie ey | — 
: 2 late A 9.4 6u2 Ther £6 231 
Inside Bi ite oF EES 14.1 oe s22 rag 
: : 6 Oi 2 10.4 28.4 4.8 1725 2.0 
oid eta 8 22.02 9.0 28.2 4.6 16.2 ae 
month 
: 2 WES 10.2 ae eo 7-0 2.0 
Entire 3 TS.2 2a 14.9 S35 3.6 1 a / 
piece 6 258 £O.2 28.0 4.8 7 Ae: a 
8 22.02 8.6 S758 4.8 .8 — 
Uncut 2 10.2 9.4 5.8 8.2 1.6 aa 
tuber 3 8.6 8.6 6.6 7A I.4 2.8 
6 8.9 8.1 7.9 Ge 2.8 2.5 


its maximum on the third day. Inside of the piece the glutathione increased 
on the third day and reached its maximum on about the fourth day. 

In the second experiment Bliss Triumph tubers were used. These were 
probably from Florida and had been stored one month. The results were 
similar to those of the first experiment. Ascorbic acid was higher in the 
cut surface than inside of the check on the second and third day, but then 
decreased so that on the eighth day it was lower than inside of the piece. 
The cut surface of the treated sample was much higher than the cut sur- 
face of the check sample on the third day, but a large difference between 
treated and check was not noted inside of the piece until the sixth day. 
Glutathione also increased somewhat sooner in the cut surface. In this 
experiment data for the entire piece were calculated and analyses also 
made on some of the whole tubers from which the pieces were cut after 
treatment. Krom the values for the check whole tubers, it will be seen 
that the increases in glutathione and ascorbic acid were true increases 
and not due to a decrease in the check sample. A comparison of the entire 
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cut piece with the whole tuber shows the usual effect of cutting. The un- 
treated, entire cut pieces are also considerably higher in ascorbic acid 
than the untreated whole tubers, especially on the third day. 


EFFECT OF OXYGEN 


A likely explanation for the favorable effect of cutting on the increase 
in glutathione and ascorbic acid following ethylene chlorhydrin treat- 


RABEEIV 


EFFECT OF CUTTING AND OF EXCLUDING AIR FROM THE CUT SURFACE WITH PARAFFIN ON 
THE DEVELOPMENT OF GLUTATHIONE AND ASCORBIC ACID IN POTATO TUBERS 


Days pars Non-ascorbic 
oadiien DP tGhers after Ascorbic acid acid reducing Glutathione 
pitee kisainent start of substances 
treat- 
ment | Treated | Check | Treated | Check | Treated | Check 
Cut and planted 4 20.0 Toe7 DE (9) Wipit TE oA AG 
7 Pit 3) 14.6 DO) KO) 12.8 Dall 
Cut and stored in air 4 18.7 18.1 10.6 
7) 24.6 21.8 10.6 
Cut and surface paraf- 4 12.9 TA On2 
fined 4 roe! 15.0 as 
Whole 4 rata 10.0 TA 9.2 9.0 Bi 
7 14.6 13/3 12.6 ny Gi2 oe 
Cut and planted 4 16.6 ede Gi 18.6 Axe 8.5 2.8 
6 Pi eee TS AP (0) Wail Tai Ben 
Cut and put in moist 4 16.9 AY) 7.2 
chamber 6 Dig Fs 18.9 na 
Cut surface paraffined 4 T268 12.5 6.3 
6 i ae 15.8 2a 
Whole 4 oe Loo T2).6 8.9 Ors ae) 
6 14.6 II.9 13.4 8.1 One Dats 


ments was that the cutting admitted additional oxygen to the tissue. In 
order to test this and to see if oxygen played a part or whether only cutting 
was necessary, the cut surface was covered with paraffin immediately 
after cutting and the changes compared with the changes in pieces stored 
in air or kept in moist chambers without paraffin. Old Green Mountain 
tubers were used for these experiments. The data in Table V show that 
the paraffin definitely retarded the development of glutathione and 
ascorbic acid, and in most cases the treated paraffined pieces showed the 
same increase as the treated whole tubers from which they were cut. It 
appears from this experiment that the paraffin adequately replaced the 
peel so that the paraffined pieces behaved like whole tubers. Table V also 
presents additional evidence that glutathione increases equally in cut 
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pieces whether planted or not and shows that the effect observed in the 
cut pieces is not due to planting. 

In connection with the experiments just described, some of the treated 
whole tubers after being in air for four days were cut into pieces, part of 
the pieces placed in nitrogen and part in air in a moist chamber. At this 
point the ascorbic acid value was 14.6. After two days in nitrogen the 
ascorbic acid value for the treated sample was 13.5, showing no further 
increase, while the ascorbic acid value for the sample in air increased to 
17.7. Glutathione behaved similarly, increasing only in air. 

Since the above experiments indicated that lack of oxygen inhibited 
the development of glutathione and ascorbic acid, additional experiments 
were made in which the tubers were kept in nitrogen or the air supply 
limited by placing the tubers or pieces in a small container so that oxygen 
might soon be used up in the process of respiration. In the first experi- 
ments no provision was made to absorb carbon dioxide and consequently 
there was a tendency for the material in nitrogen to show injury very 
quickly. This was remedied by placing too cc. of 20 per cent KOH in 


TABLE VI 


EFFECT OF LACK OF OXYGEN ON THE DEVELOPMENT OF GLUTATHIONE AND ASCORBIC ACID 
IN POTATO TUBERS FOLLOWING TREATMENT WITH ETHYLENE CHLORHYDRIN 


Days Non-ascorbic 
after Ascorbic acid | acid reducing | Glutathione 
Tubers used | start of | Conditions after substances 
treat- treatment 
ment Treated! Check! Treated| Check} Treated! Check 
Cut; Ne 10.6 ae 2.6 
3 Cut; air limited Dons 7.5 3-7 
Cut air 19.7 19.5 9.0 
Green Moun- Whole; air TO.2 4) Dad 9.8 9.4 Res BS 
tain, old - - 
Cut; air limited* | 26.0 25.2 T5e0 
8 Cut; air rb ea 18.3 11.8 
Whole; air hy ARG dalle Gee Ta oF 9.8 8.5 3.8 
Bliss Tri- 3 Cut} air 29.6: 24.02 rene 8.6 7.5 3.9 
umph, new Cut; Ne 290.4 | 26.9 7 9.9 2.0 4.2 
Irish Cobbler, x Whole; air 24.6 | 26.2 28.2 | 10.6 19.1 6.0 
new Whole; No» SRO | 26,3 LS.0 |) F205 6.9 Oc 
Green Moun- 4 Whole; air 21.6 || 20.4 21.6 | 10,8 14.1 55 
tain, new Whole; Ne 21.5 | 22,2 E550 fate va 7 5.38 
5 Whole; air 20.32 | 24.4 25.0.1) LLe6 rss 50 
’ Whole; No 18.8 | 25.3 10,6) Las Joie 4.5 
Green Moun- — . “ ~ 
tain, new Whole; air 26.1 | 24.2 26.9 EX.6 £9 on 57 
8 Whole; air** 26.2 — 25.8| — 14.0 — 
Whole; N»* Bei ees aay 24.6 | 255 12.8 6.8 


* Put in air after first sampling. 
** Put in nitrogen after first sampling. 
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the desiccators and the time that the tissue could be left in nitrogen with- 
out injury was considerably extended. All the results reported were ob- 
tained using KOH in this manner to absorb the carbon dioxide. 

Table VI shows that oxygen is necessary for the development of gluta- 
thione and ascorbic acid in the tissue. In the first experiment old Green 
Mountain tubers were treated by the vapor method and some cut into 
pieces after treatment and placed in nitrogen, in limited air supply in a 
small desiccator, and in air. Some were left whole in air as a control in 
addition to the untreated tubers. After three days no increase in ascorbic 
acid or glutathione had taken place in nitrogen or with a limited air supply, 
but a large increase in both had taken place in air. After three days all 
the samples were placed in air, but the samples that had been in nitrogen 
rotted. The other samples were analyzed after five more days, eight days 
from the start, and the sample that had been with limited air supply for 
three days now showed a large increase in ascorbic acid and glutathione, 
showing that the lack of oxygen only inhibited the development of gluta- 
thione and ascorbic acid temporarily and so long as the lack of oxygen 
was maintained. The next experiment was made with cut tubers of new 
Bliss Triumph from Florida. No significant change in ascorbic acid was 
noted during the experiment even in the sample in air, but a large increase 
in glutathione took place in the sample in air, while no increase and per- 
haps a decrease in glutathione occurred in the sample kept in nitrogen. 

The last three experiments in Table VI were made with small tubers 
grown in the greenhouse. As is characteristic of whole tubers, especially 
new tubers with a high ascorbic acid content, no significant increase in 
ascorbic acid due to treatment with ethylene chlorhydrin was noted during 
the experimental period even in the sample kept in air. However, these 
tubers showed a large and prompt increase in glutathione when left in 
air, but no increase when kept in nitrogen. In the last experiment the 
tubers were analyzed after five days and then the tubers in nitrogen were 
placed in air for three more days. A large increase in glutathione then took 
place in the treated sample. A part of the tubers that had been in air for 
five days were placed in nitrogen for three more days. No further increase 
in glutathione took place. The glutathione results of this last experiment 
are shown in Figure r. It will be seen that an increase in glutathione oc- 
curred only when the tubers were exposed to air. 

The effect of lack of oxygen after treatment on the pH of the expressed 
juice apparently depended on the tubers used. In the case of the southern- 
grown Bliss Triumph tubers, keeping in nitrogen prevented the usual pH 
change. However, in the case of small Green Mountain or Irish Cobbler 
tubers grown in the greenhouse, a pH increase took place in the tubers 
stored in nitrogen after treatment to the same extent as in air. Neverthe- 
less, in these tubers the glutathione increase was prevented by the lack of 
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oxygen. This result shows that the action of lack of oxygen in preventing 
the glutathione increase is not necessarily on the pH increase with which 
the increase in glutathione appears to be correlated, but probably on some 
other part of the process of glutathione formation. 
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FiGure 1, Effect of lack of oxygen on the development of glutathione 
following treatment with ethylene chlorhydrin. 


These results showing that oxygen is necessary for the increase in 
glutathione and ascorbic acid that follows treatment with ethylene chlor- 
hydrin and the marked effect of cutting on the development of these com- 
pounds in the tubers naturally led to experiments in which pure oxygen 
was compared with air. If the reason for the retarding of the increase in 
ascorbic acid and glutathione in the whole tubers was due merely to a 
partial impermeability of the whole tubers to oxygen, then increasing the 
oxygen should act like cutting and hasten the glutathione and ascorbic 
acid increase. Table VII shows, however, that this was not the case, since 


eae 
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TABLE VII 


EFFECT OF INCREASED OXYGEN ON THE DEVELOPMENT OF GLUTATHIONE AND ASCORBIC 
Acip IN Potato TUBERS FOLLOWING TREATMENT WITH ETHYLENE CHLORHYDRIN 


See Days ’ ’ Non-ascorbic ; 
te after Ascorbic acid acid reducing Glutathione 
Tubers used t start of substances 
reat” | treat- 
ment in| ment | Treated| Check | Treated| Check | Treated | Check 
Oxygen 4 10.5 iui Wai I ay 3k 6.3 BG) 
Green Moun- a TILO 10.6 13.0 8.6 7.8 Bs) 
tain, old 
Air 4 1.5 02.3 14.2 9.3 9.0 423 
7 358 Ts TA 7 8.6 ihlee it 
Oxygen 4 24.4 28.3 oO) 8.5 Ba2 2560) 
Bliss Tri- 7 210 26.8 10.2 8.4 Aas 4.5 
umph, new, 
from Cuba | Air 4 29.6 ZO 8.0 9.8 Bee AAS 
7 290.9 Ee se) Ons 10 5(6) 4.9 2) 


keeping the tubers in pure oxygen did not hasten the increase in gluta- 
thione or ascorbic acid in old Green Mountain whole tubers or whole 
tubers of new Bliss Triumph. If pure oxygen had any effect on such in- 
creases it appears to be a slightly adverse one. With these results in mind, 
it is necessary to conclude that the effect of cutting is not entirely due to 
the admission of oxygen, but that some interaction between oxygen and 
the freshly exposed surface is necessary for cutting to be effective in hasten- 
ing the increase in glutathione and ascorbic acid. 


ASCORBIC ACID AND GLUTATHIONE IN SPROUTING TUBERS 


Since the main conclusion of Pett (9) was that ascorbic acid and 
glutathione increased in potato tubers during sprouting, and presumably 
as a result of sprouting, an attempt was made to repeat the experiments on 
which his conclusion was based. He reports that soon after cut pieces 
were planted in moist sand at 15° C. an increase in ascorbic acid and 
glutathione took place which reached a maximum in about two days. A 
decrease to the level of the non-sprouting tubers then took place. The pre- 
ceding tables contain several cases where comparison can be made between 
untreated, planted pieces and whole tubers of non-dormant material. In 
some cases the ascorbic acid content of the cut, planted pieces was slightly 
higher than that of the whole tubers, but this increase was only about to 
per cent and much smaller than reported by Pett. In no case was an in- 
crease in glutathione observed. This was not due to a difference in ana- 
lytical technic, since even if the non-ascorbic acid reducing substances 
were considered to be glutathione, no increase was observed. In order to 
check this further, three lots of Bliss Triumph tubers and one lot of 
Spaulding Rose that had been stored about one month after purchasing 
and were just emerging from their rest period were cut up and planted in 
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moist sand in a greenhouse at about 15° C. A lot of old Green Mountain 
tubers was also used. At the same time whole tubers of the same lots were 
placed in sacks in the same greenhouse. Analyses were made after two 
days and again after three, five, or six days. As usual the cut surface was 
removed in a thin layer from the cut pieces prior to taking a sample for 
analysis. The cut surface was not removed by Pett prior to his analyses, 
and it will be shown that this difference in technic partly explains the 
results he obtained. The data obtained in the above experiment are given 
in Table VIII. It will be seen that no large increase in ascorbic acid or 
glutathione took place in the cut planted pieces. 


TABLE VIII 


EFFECT OF CUTTING AND PLANTING ON THE ASCORBIC ACID AND GLUTATHIONE 
CONTENT OF PoTATO TUBERS 


Non-ascorbic 7 
Ascorbic acid acid reducing Glutathione 
Days substances 
Tubers used from 
hol Vhol 
oar Cut and Wade Cut and aia Cut and / ae 
planted planted planted planted planted | planted 
Bliss Triumph, from 2 18.3 19.1 7 hes 8.1 2.8 2.8 
Princeton, Fla. 5 aay 18.1 5-6 Q.2 2.2 es 
Bliss Triumph, from 2 7.0 18.8 8.0 9.2 2.5 a5 
Belle Glade, Fla. ix 16.9 20.9 iit iO 225 2.8 
Bliss Triumph, from 2 19.1 ry .4 8.1 8:2 2~7 2.7 
Cuba 5 16.2 24.2 5-4 7.0 a8 3.0 
Spaulding Rose 2 HOw 17.4 7.9 8.2 205 3.4 
3 19.0 19.2 6.6 » ie | 3.4 4.0 
: E 
Green Mountain 2 Ti. 10.6 7.4 7:9 | 2.4 2.3 
6 10.8 10.6 6.8 a ae | ~ 


Since Pett did not remove the cut surface, some experiments were tried 
in which the cut surface was included in the sample or analyzed separately. 
Some of these experiments have been presented in Table IV in the section 
on the effect of cutting. It was noted that ascorbic acid showed a large 
increase in the cut surface of untreated tubers on the second and third 
days, after which it fell off rapidly. The ascorbic acid content of the cut 
pieces was also somewhat higher than that of the whole tubers, especially 
when the cut surface was included in the sample. In additional experi- 
ments, cut planted pieces including the cut surface were analyzed and 
compared with whole tubers. In order to show more clearly that the in- 
crease in ascorbic acid observed was due to a change at the cut surface, 
thin slices about 3 mm. thick of the same tubers were kept in moist cham- 
bers and analyzed at intervals. The results are shown in Table IX. In 
the case of the old Green Mountain tubers and also of the Bliss Triumph 
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TABLE IX 


EFFECT OF CUTTING ON THE DEVELOPMENT oF AscorBic ACID AND OTHER 
REDUCING SUBSTANCES IN UNTREATED Potato TUBERS 


. . Non-ascorbic acid 
Days Ascorbic acid reducing substances 
Tubers used after 

cutting} Thin Cut Whole | Thin Cut Whole 
slices pieces | tubers | slices pieces | tubers 

Green Mountain, 2 2552 A T2).2 8.4 10.6 9.4 
old 3 TO oy, TSS 12.2 9.7 10.1 10.2 
4 12.6 15.8 11.8 8.2 9.0 9.8 

Bliss Triumph, 2 18.1 TI OF 4.3 Bal 8.1 
stored 1 month 3 L2"..3 II.9 8.2 8.8 4.9 9.6 

ia, OF 6 (Seat ST) 8.1 Ont ithe 10.3 
Spaulding Rose, 2 28.5 20.7 Sie Fok 9.5 125 
new 2 19.9 Pai AS) 26.8 View) Q.2 Q.2 
4 II.o 28.8 2Oe7 357) 8.8 Ger 


tubers that had been stored at 5° C., an increase in ascorbic acid took 
place in the cut pieces analyzed including the cut surface. A much larger 
increase in ascorbic acid took place in the thin slices on the second day, 
but this increase was only temporary. The non-ascorbic acid reducing sub- 
stances, which include glutathione, showed no increase in the cut pieces 
and in some cases a decrease, especially in the thin slices. The new tubers of 
Spaulding Rose were high in ascorbic acid as is characteristic of new tubers. 
No increase in ascorbic acid or in non-ascorbic acid reducing substances 
was observed with these tubers. A rapid decrease in ascorbic acid took 
place in the thin slices. 

The large increase in ascorbic acid that takes place in the thin slices 
of old tubers in two days might prove to be a convenient method for in- 
creasing the antiscorbutic value of potato tubers for dietary purposes late 
in the season when the ascorbic acid content is low. 

The above results show that the increase in ascorbic acid that occurs 
when potato tubers are cut and planted is not due to sprouting, but to a 
change that takes place at the cut surface. It is also easy to show that the 
increase in ascorbic acid and glutathione induced by treatment with 
ethylene chlorhydrin is not due to the sprouting caused by the treatments, 
since pieces cut in such a way as to have no eyes show a large increase in 
both ascorbic acid and glutathione following dip treatment with ethylene 
chlorhydrin. These results are shown in Table X. 


CHANGES IN ASCORBIC ACID ON GLUTATHIONE DURING STORAGE 
FOLLOWING ETHYLENE CHLORHYDRIN TREATMENTS 
In most of the experiments the changes that occurred in the tubers were 
followed for only a few days after treatment. Consequently, an investiga- 
tion was made of the changes taking place during longer periods of storage. 
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TABLE X 


EFFEcT OF ETHYLENE CHLORHYDRIN TREATMENTS OF PIECES WITHOUT EYES ON THE 
GLUTATHIONE AND AscorBIC AciD CONTENT 


[VOL. 9 


Days Non-ascorbic 
after Ascorbic acid acid reducing 
Tubers used start of substances 
treat- 
ment | Treated | Check | Treated | Check 
Green Mountain, old 5 17.4 14.1 £738 677 
8 167/95) 222 16.8 FiO 
Irish Cobbler, old 6 Ou 10.0 23.9 8.4 


es 


Glutathione 


Treated | Check 


8.8 ee | 
7-9 2.5 
Peat 3% 


It was especially important to do this with whole tubers because the 
changes took place more slowly in these. Ascorbic acid usually did not 
increase in whole tubers prior to the conclusion of the experiments. How- 
ever, in some cases, the last sample taken at about one week after treat- 
ment was slightly higher than the check. For these reasons, experiments 
were made in which tubers were treated with ethylene chlorhydrin and 
then analyzed at longer intervals after treatment than previously. These 
results are shown in Table XI. In the first experiment, old Green Moun- 


TABLE. XI 


DEVELOPMENT OF GLUTATHIONE AND AscorBic AcID DURING STORAGE OF NON-DORMANT 
Potato TUBERS FOLLOWING TREATMENT WITH ETHYLENE CHLORHYDRIN 


Non-ascorbic 
Days | Ascorbic acid | acid reducing Glutathione 
Tubers used Storage from substances 
conditions atart : 

Treated| Check |Treated| Check |Treated| Check 
4 £373 10.0 14.7 Q.2 9.0 3-7 
Stored at about 7 14.6 eRe: 12.6 Gu7 S08 Bw 
Bhan 19 10.2 12.2 16.0 7.7 II. Act 
Green 47 16.9 Ta LoS 8.9 8.1 4.0 

Mountain, — - - - 
old 4 13.3 10.0 14.7 Q.2 9.0 ey | 
4 days at about 22 20.3 13.8 19.7 8.6 T2.5 4.3 
as° C., then 47 24.0 13.0 20.0 8.6 13.9 4.2 
stored at 10° C. 71 20.0 TAs 20.0 Os tert 7.6 
105 WA ri ates 16.9 Lou Eres 5.8 
Green Mt., | 6daysat about ° Laas 8.8 4.1 
old, 1 month| 25° C., then 27 18.3 12.6 18.5 9.0 Lhg ites 
later stored at 10° C, 58 Hees | CORO I emule SOR Tay | at eae 
Bliss Tr., 6 days at about ° 30.2 Q. 3.6 
from Flor- | 25° C., then 27 22.2 18.0 5.4 0.2 8.8 4.6 
ida, new stored at 10° C, 58 19.9 iihog 6.1 rie TEST Ase. 


tain tubers with an originally low ascorbic acid content showed a large 
increase in ascorbic acid in the treated tubers sampled after 19 days when 
stored at 10° or 25° C. Since the tubers kept better at ro° C. and the 
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experiments could therefore be continued longer, this temperature was 
used in the other experiments. In the first experiment the treated sample 
in ro° C. was much higher in ascorbic acid than the check sample even 
after 71 days and somewhat higher after ro5 days. Glutathione also main- 
tained a high level in the treated sample even after ro5 days. In the second 
experiment the same Green Mountain tubers were treated one month 
after the start of the first experiment, with similar results. In the third 
experiment new Bliss Triumph tubers from Florida were used. In this 
case the original ascorbic acid content was high and consequently ascorbic 


TABLE XII 
CHANGES IN GLUTATHIONE AND AsScoRBIC ACID DURING STORAGE OF UNTREATED TUBERS 


Non-ascorbic 
Tubers used Days Ascorbic acid acid reducing Glutathione 
substances 

° 28.6 9.0 4.8 

Bliss Triumph, from 7 30.2 9.0 Be 0) 
Princeton, Fla. rs 18.6 S77 Ba 
50 ey iit PD SEO 

een ° 35-3 ae 3-4 
Bliss Triumph, from 16 31.4 Q.2 4.9 
Belle Glade, Fla. 23 aes 8.8 Ay 2 
50 19.8 8.6 Bast 

Bliss Triumph, from ° B31 Tey 6.4 
Cuba 32 20.8 Hoe 2.9 
° 19.1 je On a 

Irish Cobbler, 2nd 10 17.8 6.8 Date 
crop, from N. J. 21 ners cE Dk 
73 10.6 7-9 Bari 

° 18.8 He) aAstk 

Spaulding Rose 7 Lye Hos 3.8 
20 yA: Sar -4 


* Analyses made without adding KCN, hence are probably low. 


acid decreased during storage, but less rapidly in the treated sample than 
in the check sample. In other experiments no glutathione change was ob- 
tained with this lot of tubers up to about one week after treatment. This 
experiment shows that after 27 days a large glutathione increase occurred, 
which was maintained until 58 days or more after treatment. 

These results show that the increase in ascorbic acid and glutathione 
following treatment with ethylene chlorhydrin is a lasting one and is 
maintained for one or two months. Since this change takes place in whole 
tubers, although slowly, it should be possible to increase the ascorbic acid 
content of old tubers that have a low ascorbic acid content, by vapor 
treatment with ethylene chlorhydrin. Whether such tubers could be used 
for food would depend on how much ethylene chlorhydrin remained in 
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the tubers after the ascorbic acid had increased and on the toxicity of 
ethylene chlorhydrin. 

During the course of the work analyses were made at intervals on the 
various lots of tubers. Table XII gives the results of these analyses, from 
which some conclusions concerning the changes in storage can be drawn. 
Ascorbic acid decreased during storage as has been observed by others 
(2,8,9). There was, with one possible exception, no evidence of any large 
change in the glutathione content or in the amount of non-ascorbic acid 
reducing substances. However, the tubers used had been harvested for an 
uncertain length of time before they were purchased, so the results have 
no bearing on any change in glutathione that may have taken place just 
after harvest. The results on old tubers, which had been stored for a long 
period prior to purchase, are not included in the table since they showed 
no significant change in either ascorbic acid or glutathione after further 
storage. 

DISCUSSION 

The results presented above confirm the findings of Pett (9) which indi- 
cated that treatment with ethylene chlorhydrin increases the ascorbic acid 
content of potato tubers and are in agreement with previous experiments 
(5) which showed that glutathione increased in potato tubers following 
treatment with ethylene chlorhydrin. A number of factors, such as cutting, 
oxygen, age of the tubers, and storage have been investigated. The results 
do not conflict factually to any large extent with those presented by Pett 
except insofar as no large increase in ascorbic acid or glutathione was 
noted due to cutting and planting untreated tubers so that sprouting 
might take place. Since, however, in a few cases a small increase in ascorbic 
acid was observed in cut planted pieces, especially if the cut surface was 
included in the analyses, the results of Pett on this phase of the problem 
may have been due to using tubers that responded in an unusual manner. 

The additional findings presented make untenable Pett’s conclusion 
that glutathione and ascorbic acid increase in potato tubers because of 
sprouting. The increase in glutathione and ascorbic acid following treat- 
ment with ethylene chlorhydrin is clearly not caused by the process of 
sprouting, since it takes place equally well in pieces of tubers cut in such 
a way that no eyes are present. Furthermore, the change in glutathione 
and ascorbic acid in cut pieces of the treated sample begins at the cut 
surface, showing that cutting plays an important part in these changes. 
In cut pieces of non-dormant, untreated tubers, an increase in ascorbic 
acid occurs in the cut surface on about the second day after cutting. It 
is likely that the increase in ascorbic acid that Pett found about the same 
time after planting was due to the effect of cutting and not to the sprouting 
of the tubers. 
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The results make available two methods for increasing the ascorbic 
acid content of old potato tubers. One is to treat with ethylene chlor- 
hydrin and then store for about three weeks, and the other is to cut the 
tubers into slices and store in moist air for two days. From a dietary 
standpoint the value of the first method would depend on whether any 
ethylene chlorhydrin or other toxic substance remained in the tubers 
after the ascorbic acid increase had taken place and the value of the second 
would be limited by the natural objection to eating cut slices, the surface 
of which would be darkened. It is also well to point out that the ascorbic 
acid results depend on the specificity of the 2,6-dichlorophenolindophenol 
titration and it is not beyond the bounds of probability that the changes 
observed may be due to some substance other than ascorbic acid. Biological 
tests would give an answer to this. 

The necessity of oxygen for the formation of glutathione in potato 
tissue is another bit of evidence for the close connection between this 
compound and respiration, but not as a controlling factor, since previous 
results show that the increase in respiration occurs before the glutathione 
increases (7). However, the high glutathione content following ethylene 
chlorhydrin may in some way be a result of the increased respiration. The 
correlation between the increase in glutathione and the increase in pH 
reported previously (5) and strengthened by the results with butyl 
bromide presented in the present paper indicate that the steps that lead 
to the glutathione increase may be: first, an increase in respiration; second, 
a decrease in citric acid due to its acting as a substrate in the respiratory 
process; third, an increase in pH due to loss of citric acid; and fourth, an 
increase in glutathione brought about in some way by the greater alka- 
linity of the tissue. 

SUMMARY 

t. A modification of the sulphur reduction method for the determina- 
tion of glutathione gives lower results on the same metaphosphoric acid 
extracts of potato tissue than the iodometric method, even when this is 
corrected for ascorbic acid. This is interpreted to mean that iodine-reduc- 
ing substances other than glutathione and ascorbic acid are present in 
potato tissue. 

2. Ethylene chlorhydrin treatments do not increase the ascorbic acid 
content of freshly-harvested potato tubers, which have a high ascorbic acid 
content. However, if the tubers are cut into pieces after treatment, the 
ascorbic acid content is maintained at its originally high level in the treated 
pieces, but a large decrease takes place in the untreated pieces. 

3. Ethylene chlorhydrin treatments slowly increase the ascorbic acid 
content of old tubers which have a low ascorbic acid content, about 20 
days at 10° C. being required for the increase to reach its maximum, after 
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which ascorbic acid is maintained at a higher level than the untreated 
tubers for over a month. However, if the tubers are cut into pieces after 
treatment a large increase in ascorbic acid takes place in the treated 
sample within three days. 

4. The increase in glutathione that follows treatment of potato tubers 
with ethylene chlorhydrin is hastened by cutting the tubers into pieces. 
To be effective cutting must follow or immediately precede the treatment. 

5. Butyl bromide treatments produce a large increase in glutathione 
if the tubers are cut into pieces. This result is predictable from the previ- 
ously observed increase in pH with which the glutathione increase is 
correlated. 

6. The increase in glutathione and ascorbic acid that occurs in pieces 
cut from tubers treated with ethylene chlorhydrin begins at the cut sur- 
face. A large increase in ascorbic acid also takes place after two days in 
the cut surface of untreated old tubers, but is maintained for only a few 
days. 

7. The ascorbic acid content of the tissue of old tubers may be ap- 
proximately doubled within two days by cutting into thin slices and storing 
in moist air. 

8. Covering the cut surface with paraffin or placing in nitrogen retards 
or prevents the increase in glutathione or ascorbic acid. Keeping in nitrogen 
also prevents the increase of glutathione in whole tubers. However, the 
increase in ascorbic acid and glutathione takes place upon returning the 
tissue to air. 

g. Although oxygen is necessary for the development of ascorbic acid 
and glutathione in potato tubers, the effect of cutting is not due entirely to 
the admission of extra oxygen to the tissue, but rather to some interaction 
between oxygen and the freshly exposed cut surface, since placing whole 
tubers in pure oxygen following treatment with ethylene chlorhydrin did 
not hasten the rate of increase of glutathione or ascorbic acid above that 
observed in air. 

ro. The increase in glutathione and ascorbic acid in cut planted pieces 
following treatment with ethylene chlorhydrin is not due to the sprouting 
that follows these treatments, since these changes take place in pieces cut 
without eyes. 

11. The small increase in ascorbic acid that follows cutting and plant- 
ing of non-dormant tubers is due to the cutting and is not a result of 
sprouting, since this increase is localized at the cut surface. No increase in 
glutathione takes place following cutting and planting. 

12. As reported by others, ascorbic acid decreases in potato tubers 
during storage. However, a parallel decrease in glutathione usually does 
not occur. 
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USE OF INCOMPLETE BLOCK REPLICATIONS IN 
ESTIMATING TOBACCO-MOSAIC VIRUS 


W. J. YOUDEN 


INTRODUCTION 


Wherever experiments are performed a great deal of attention is directed 
to the selection of uniform starting material, the fair apportionment of it 
into lots, and the maintenance of equality of opportunity thereafter among 
the several lots save in respect to the factors under test. This leads, in 
the case of field trials, to the use of compact blocks and severe restrictions 
as to the number of items simultaneously compared lest the blocks be so 
large as to introduce a considerable element of soil heterogeneity. Cus- 
tomarily all the items are included in the block and the block replicated 
as many times as seems desirable. Afterwards the block characteristics 
are eliminated from the estimate of error by the use of Student’s method 
or the analysis of variance. The limitation to a small number of the items 
to be compared is an irksome condition in much experimental work. 

The methods employed for the estimation of the relative infective ca- 
pacity of a series of virus preparations encounter the same difficulties. 
The test leaves from different plants and even from the same plant show 
great variations in the production of lesions. The two halves of the same 
leaf are more nearly alike so these are often used to compare two virus 
preparations. If it is desired to evaluate more than two preparations 
simultaneously one may be selected as a standard and applied to one-half 
of every leaf and the other halves apportioned among the rest of the solu- 
tions. It is clear that the difference between any solution and the standard 
is obtained by taking the difference between two half leaves from the same 
leaf, but that a comparison of two solutions, neither of which is the 
standard, involves four half leaves. Such comparisons are subject to twice 
the error of the simple differences. Alternatively the solutions could be 
paired in every possible way and the various pairs assigned to whole 
leaves. The leaves then constitute incomplete blocks because any one 
block does not contain all the solutions tested. Using this arrangement the 
whole series of solutions may be put on an equal footing and the leaf char- 
acteristics eliminated from the results. 

The method of incomplete blocks is described in recent papers by Yates 
(2, 3), and referred to by Fisher (1, p. 141). This paper presents a modified 
form of arranging the blocks and an example of its application to the esti- 
mation of the infectivity of virus preparations. 


Copyright, 1937, by Boyce Thompson Institute for Plant Research, Inc. 
(41) 
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METHOD OF INCOMPLETE BLOCKS - 
When the incomplete block is made up of three or more items the 
apportionment of the items under test among the several blocks is such 
that every possible pair is formed as before. For example, with seven 
treatments arranged in blocks of three, two of the possible arrangements 
are: 


AB hee) SEG A DB © D-B-2.& 
ba DLE GE GAA Bt OD BO eee 
Ter Ne ou oie Ly Eee eae 


The incomplete blocks consist of the vertical rows of three letters, and 
since there are seven blocks there are three replications of each treatment. 
The modification of the arrangement here introduced is the arrangement 
of the seven blocks side by side so that the seven treatments also appear 
in the form of three complete replications in the horizontal rows. That is, 
from this point of view there are three replicated blocks each containing 
all the treatments. In the analysis of variance these complete block effects 
may also be eliminated and a further reduction in the error term obtained. 
The seven columns may be arranged in any order and the three rows may 
be interchanged to give additional arrangements. 
The method of eliminating block effects may be made clear by an 
example, in which seven blocks each containing three plots 
I 2 3 4 5 6 7 
A=18 B=76 C=62 D = 66 E=47 F=112 G=55 
B=77 D=86 F=93 E=95 G=86 A=95 C=80 
C=30 F=83 E=115 A=112 B=65 G=70 D=103 
or treatments gave the values shown. Blocks 1, 2, and 5 respectively, are 
used to evaluate the following expressions: 
2B —(A+C) =154—(18+30) = 106 
2B—(D+F) =152—(86+83) = —17 
2B —(E+G) =130—(47+86) = —3 
These differences are the result of comparisons within a block and may 
be likened to the practice often followed with Student's method of taking 
the difference between the individuals constituting a pair. The sum of 
these three expressions is 
6B=—(A+C+DEETF7G) S66. 
This may be written in the alternative form 
7B—-(A+B+C+D+E+F-+G) =86. 
Upon dividing by 7 there is obtained 
B—mean of all=12.3 


1626 
+12.3 =89.7. 
at 


or B= 
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Here B stands for the mean value of treatment B, and 1626 is the total of 
all the data. This procedure may be followed for the other six treatments 
and the mean values of the treatments before adjustment for block effects 
compared with the values after adjustment. 


Treatment A B e D EK F G Mean 
Beroreedjustment, 75.0, 7297 57.39.8310 - 85.7). 06.0 7023, 6 77%4 
After adjustment 75.0 89.7 60.7 78.7 81.6 87.6 66.0 77.4 


Since the experiment was actually a uniformity trial, the treatments being 
identical, the same value should be expected from all treatments and this 
is more nearly the case after eliminating the block effects. 

The results of the arithmetical process just described may be obtained 
in a more convenient manner as will be shown on another set of data. 
These data were obtained in the course of an investigation of the infective 
power of crystalline preparations of tobacco-mosaic virus. The infective 
capacity of a solution of these crystals is estimated by counting the spots 
or local lesions (Fig. 1) which appear on the leaves of Nicotiana glutinosa 
L. plants when they have been rubbed with a cloth moistened with the 
solution. Previous work (4) had shown that the counts obtained in this 
way were extremely variable. Not only did the test plants vary greatly but 
leaves from the same plant showed a gradient which was consistent 
throughout a given lot of plants. In the early work a Latin Square arrange- 
ment of the solutions under test was found advantageous. Individual 
plants became columns in the Latin Square and the leaf positions cor- 
responded to the rows. The size of the square, and consequently the num- 
ber of solutions tested simultaneously, was limited since only five or six 
suitable leaves are found on a plant. The modified form of incomplete 
blocks was found admirably adapted to this work. Block, or plant effects, 
and the influence of leaf position could both be avoided while the number 
of test preparations that could be simultaneously compared was increased 
to 21 using plants with five leaves. 

In this experiment the 21 test preparations were made up of seven 
different concentrations of the virus crystals in water, 0.05 molar and 0.10 
molar neutral phosphate buffer. The virus concentrations formed a geo- 
metric series, each solution being one-half the concentration of the preced- 
ing one. The counts made on the 105 leaves from 21 plants are shown in 
Table I. The leaves from five of the plants are shown in Figure rt where 
they are arranged in order of their position on the plant. The letters refer 
to the code designation of the solutions, the figures to the number of 
lesions counted. The five plants selected are those with the five replicate 
leaves which received solution P. Examination of Figure 1 will show that 
solution P was applied at each of the five leaf positions and that all the 
remaining 20 test solutions are accounted for on the rest of the leaves. 
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The data in Table I, while not in a compact form, are arranged to facilitate 
the computations. The particular sets of 21 counts which came from each 
leaf position are not apparent but are easily obtained from the original 
notebook record of the counts. The spaces in the table which have entries 
show which solutions were applied to each plant. The next to last column 
requires explanation. Each entry is the sum of the five plant totals of the 
plants which received the solution designated in the first column. The first 


FiGuRE 1. NV. glutinosa leaves with local lesions from five of the plants used in de- 
termining the infectivity of virus preparations by the method of incomplete blocks. The 
leaves from each plant constitute an incomplete block. 


entry, 1293, is the sum of the totals for plants 1, 6, 11, 14, 19. The entries 
in the last column are obtained by subtracting the totals for five plants 
from five times the solution totals. For example, (5 X82) — 1293 = — 883. 
The differences so obtained are the correction terms which must be divided 
by 21 and added or subtracted to the general mean to give the adjusted 
values. The mean value for A is 4932/105 — 883/21 = 4.9. The 
mean values are listed in Table II together with the distinguishing code 
letters. Below Table I are listed the sum of the squares of the counts for 
the 105 leaves, the 21 plant totals, the five leaf position totals, and the 21 
correction terms. The five leaf position totals were 702, 916, 1150, 1083, 
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TABLE II 
ADJUSTED VALUES OF LESION CouNTs IN TABLE I 


Concentration of virus 
ie 1/2 1/4 1/8 1/16 1/32 1/64 
Water S80.8 Ps55.1 M31.0 G35.2 D3o0.0 A 4.9 


J35-3 
0.05 M PO, | To2.8 Q65.3 N81.8 K62.0 He6iny E27.1 B25.5 
Ourowvl POw |! Wye. 7 R505 O41.7 6523 126.7 F35.3 i t2 A. 


Solution in 


* This solution contained 1.2 mg. crystals per liter. 


and ro8r. There are also shown the arithmetical operations needed to ob- 
tain the sums of squares for the analysis of variance given in Table III. 
The mean squares show that considerable differences in infective power 


TABLE III 
ANALYSIS OF VARIANCE OF DATA IN TABLE I 


feu Degrees Sum of Mean Standard 
freedom squares square deviation 
Plants 20 BATSR 28 a Loy aa 
Leaf position 4 6232.6 1558.2 
Solutions 20 52872.2 2643.6 
Error 60 23014.8 g53),0 18.8 
Totals 104 116272.9 


existed among the solutions tested, and that the contribution of the in- 
dividual test plants and leaf positions to the variation in the observed 
counts was considerable. The standard deviation of a single leaf is close 
to 40 per cent of the average leaf count and is some indication of the 
difficulties attendant determinations of infectivity. Where greater preci- 
sion was required the five solutions associated with each plant in this 
design were applied to five plants in the form of a Latin Square. The treat- 
ment totals obtained from the 21 Latin Squares thus formed then con- 
stituted the entries in a form exactly like that of Table I. The analysis 
corrects for the variation found between the Latin Square blocks just as 
in the present procedure the results were adjusted for plant effects. Ordi- 
narily it would be difficult to obtain ros plants that were reasonably uni- 
form. It is much less trouble to obtain 21 sets of five plants, the plants 
within any set being matched. Indeed, even the latter requirement need 
not be met in this case, because the arrangement of the solutions as a 
Latin Square within each set disposed of both leaf position and plant 
effects for the five treatment totals of the set. 


DISCUSSION 


The modified incomplete block design bears some resemblance to the 
familiar Latin Square. The disposition of the treatments over the test 


a NE ree 
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area, or in this case plants, is in the form of a rectangle with complete 
block replications arranged along the long axis and incomplete blocks 
running across the rectangle. The more important feature is the incomplete 
block but in certain instances a further gain may be made by eliminating 
the contribution of the whole blocks. This was the case with the JN. 
glutinosa plants where each leaf position carries a complete replication of 
the solutions under test. Another possible application may be found in 
diet tests with animals. Here the number of diets which it is desired to 
compare may exceed the litter size. In this case the diets may be dis- 
tributed using the litters as incomplete blocks and the results adjusted for 
the differences between litters. If the animals composing each litter are 
arranged in order of initial weight, and one complete replication of the 
diets assigned to the heaviest animal from each litter, another complete 
replication to the next heaviest animal, and so on, the contribution to the 
variance arising from the use of animals of different weights may then be 
removed from the error term. 

The application of the incomplete block method to specific problems 
suffers from the restriction that only certain combinations of block size 
and total number of treatments are possible. Thus with blocks of four 
treatments, 13 items may be tested, and with blocks of six, 31 items. If 
the number of items is just short of the requisite number certain ones may 
be repeated. Since some patience is required to obtain these arrangements 
a few examples are listed below. 


pepe Dr PG Wk J Ki beM AN Ash (COIS, We AG ah Ae Ik, NI 
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SUMMARY 


A modification of the incomplete blocks described by Yates has been 
devised, the configuration of which permits the construction of complete 
blocks of replicates without sacrificing the advantage of the incomplete 
blocks. The design has been used in studies of the infectivity of solutions 
of crystalline tobacco-mosaic virus on JV. glutinosa plants. The requisite 
computations for the application of the analysis of variance to the data are 
given, 
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DILUTION CURVE OF TOBACCO-MOSAIC VIRUS 
W. J. YOUDEN 
INTRODUCTION 


In an earlier report by Youden, Beale, and Guthrie (7) tobacco-mosaic 
virus dilution curves from a number of sources were assembled and an 
attempt made to fit these data to a simple dilution law. It was recognized 
at the time that the agreement between the observed counts and those 
calculated from the equation suggested was not entirely satisfactory espe- 
cially at high dilutions. The investigation did succeed in establishing the 
concordance of the various reports as to the general form of the dilution 
curve. Most of these data were obtained by experimental arrangements 
that were not capable of giving comparable estimates of the relative in- 
fectivity of a series of dilutions with the accuracy desired. This is evident 
from the large intervals employed between points on the curves. Many of 
the dilutions were made using a geometrical series in which the dilution 
was ten-fold between adjacent points on the curve. This was necessary in 
order to show significant changes in the infectivity as a result of dilution. 

Recent advances in the design of experiments have made available 
a variety of devices which are adapted to the very considerable hetero- 
geneity of the test plants and which facilitate the simultaneous comparison 
of a large number of test solutions. One of these designs was found espe- 
cially useful and is given in detail in a recent publication (6). The first 
attempts to obtain more accurate data gave dilution curves which showed 
marked departures from those expected. The dilution curve was, therefore, 
investigated more intensively using an arithmetical series of dilutions. The 
differences in infectivity between adjacent dilutions were now consider- 
ably smaller and the work afforded an excellent trial of the new experi- 
mental arrangements. The results assure that these methods will prove of 
value for estimating the infectivity of virus preparations. 


MATERIALS AND TECHNIQUE 


Needle-shaped crystals (Fig. 1) of tobacco-mosaic virus protein were 
obtained from tobacco (Nicotiana tabacum L. var. Turkish) plants which 
had been infected with tobacco virus. The procedure outlined by Stanley 
(2, 3) was followed, omitting the treatment with lead subacetate (4). Some 
of the work was done with crystals isolated by Dr. Stanley. The crystals 
were kept in contact with the mother liquor in the cold and at intervals 
stock solutions were prepared by filtering off the crystals and taking up in 
water. These solutions were dialyzed in cellophane tubing using a rocking 
arrangement. The dialysis was continued until tests for sulphate ion and 
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ammonia using Nessler’s reagent were negative. The nitrogen was then 
determined by a micro-Kjeldahl method and the concentration of protein 
taken as equal to five times the nitrogen. 

Two methods of diluting the stock solutions were used. At first equal 
quantities of the stock solution were added from a pipette to flasks con- 
taining such volumes of distilled water as would give the desired series. 
The practice was later adopted of varying the ratio of virus stock and water 
maintaining the final volume constant. This was easily accomplished using 
two Mohr pipettes, one for the virus stock and one for the water. The solu- 


FiGurRE 1. Crystals obtained from Turkish tobacco plants infected 
with tobacco virus. A, X220; B, X552. 


tions were usually used at once to inoculate Nicotiana glutinosa L. plants 
which had five leaves available after decapitation. The plants were inocu- 
lated by wetting a square of cloth, four by five inches folded into four 
thicknesses, with the solution and gently rubbing the surface of the test 
leaves with the wet cloth. The leaves were immediately rinsed and the 
lesions counted after an interval of three to five days. 

The number of solutions of which the relative infectivity was to be de- 
termined usually exceeded the number of leaves on a plant. Several methods 
of distributing the test solutions among the leaves were tried. These are 
listed below as A, B, C, and D, and will be referred to by these letters for 
convenience. 

Method A—Modified incomplete blocks using a single plant as an in- 
complete block. 

Method B— Modified incomplete blocks using Latin Squares as incom- 
plete blocks. 

Method C—Incomplete blocks using a leaf as an incomplete block. 

Method D—Latin Square. 
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The first two methods are described fully in a separate paper (6). The 
use of a leaf as an incomplete block (method C) requires the forming of 
all possible pairs from the solutions to be compared. The number of pairs 
which can be made from ten solutions is 45. These 45 pairs may be divided 
into nine sets of five pairs so that any set of five pairs represents all ten 
solutions. These form natural sets to allocate to nine plants. One such 
arrangement is listed below. 


AB BD GI CG Ik JC DE AJ HF 
CD IF JH EA ne EF JB IB DG 
EG HE CF JI DJ GA AH FD BC 
FJ GJ BE DH AF BH cr GH IA 
HI AC DA FB BG ID FG EC EJ 


The two letters in each pair refer to the two solutions applied to the 
opposite halves of the same leaf. All ten solutions are found on each plant. 
This arrangement was found highly efficient. 


RESULTS OF EXPERIMENTS WITH DILUTION SERIES 


The total lesion count for each dilution for 19 different series is given 
in Table I. The first column gives the number of the experiment and is used 
to identify the curves shown in Figures 2 and 3. The letters in the second 
column indicate the method of arrangement of the solutions on the test 
leaves. The next column shows whether the medium for the virus solution 
was water or o.1 molar neutral phosphate buffer. The body of the table 
gives the concentration of the various dilutions prepared and the corre- 
sponding lesion counts obtained. In the last column there is given the 
standard deviation of the lesion counts. The 19 series, two of which are 
not given in the table, were obtained over an interval of six months and 
are listed in chronological order. 

Series 1 shows a smooth falling off in infectivity upon dilution until 
the most dilute solution is reached. This solution, although but half the 
concentration of the preceding solution, produced nearly as many lesions. 
The same solutions and more dilute ones prepared from them were used 
for Series 3 and this series again shows an unexpected small difference be- 
tween the 0.12 to 0.06 dilutions. The counts for the phosphate prepara- 
tions (Series 2) appear somewhat erratic. The variable effect of phosphate 
buffers on the infectivity is mentioned by Stanley (1, p. 914). Series 4 
and 5 constituted one experiment with 21 solutions using ros plants. The 
dilution steps were made smaller to obtain points in between the 0.06 
and o.12 concentrations. The same equivalence in infectivity of the 0.06 
and o.12 solutions was found with even higher counts for the intermediate 
dilutions. The crystals isolated by the author were used in this series while 
the other series were made up with the protein crystals obtained from 
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CONCENTRATION OF VIRUS CRYSTALS— MILLIGRAMS PER CC. 


Ficure 2. Dilution curves showing the change in infectivity of the virus of tobacco mosaic 
with dilution. Numbers in parentheses correspond to those in Table I. 
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Dr. Stanley. Series 6 was made up of 14 different dilutions. Seven of these 
were duplicated making available 50 leaves for the duplicated values as 
against 25 leaves for the other dilutions. There is, for this series, a less 
pronounced but still definite indication of a range of unchanged infec- 
tivity with dilution. At this stage in the work a series of five solutions, 
somewhat more dilute than previously used, were arranged in a Latin 
Square and the square replicated five times. The concentrations of the 
five solutions were 0.01, 0.008, 0.006, 0.004, and 0.002 and the total counts 
found were 959, 706, 438, 415, and 190, respectively. The values obtained 
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VIRUS CONCENTRATION — MILLIGRAMS PER CC. 


FIGURE 3. Graph showing the linear relation of lesion production to concentration 
at high dilution. The data are given as Series 7 in the text. 


are plotted as Series 7 in Figure 3 and follow a straight line trend within 
the error of the experiment. This was satisfactory evidence that at dilu- 
tions not much below those showing the anomalous behavior the technique 
was adequate to evaluate small differences. Series 8 and 9 were run on two 
sets of plants. The same solutions were used for each set and the two sets 
inoculated at the same time. Only nine plants constitute a set, or less than 
a plant for each dilution. The curves parallel each other closely and since 
the two sets of data have nothing in common except the solutions, they 
lead to the conclusion that the counts actually represent the solutions and 
not the plants or rubbing technique. Again there appears a level region 
centering around a concentration of o.1 mg. per cc, Series 10, r1 and 12, 13 
are not plotted but the two numbers of each series follow a common trend 
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and there is a considerable interval of undiminished infectivity upon dilu- 
tion. Dilutions by very small steps are shown in Series 14. These counts 
are scattered around a common mean of 179 apparently without regard 
to the concentration. Some work was done with untreated diseased juice. 
After making some preliminary tests a stock solution of equal parts of 
juice and water was used to prepare four other solutions each one-half as 
strong as the preceding. The five solutions, Series 15, were arranged in a 
Latin Square on five plants, and the set replicated four times. The total 
lesion counts were 1891, 1557, 1326, 806, and goo and show evidence of 
the same leveling out of the dilution curve. The concentration of virus in 
this juice was not known. 

Series 16 and 17 were made using a geometric ratio of two-thirds for 
the dilutions. The high counts at concentrations of 0.67 mg. per cc. and 
above show that the level portion of the curve does not correspond to the 
maximum values obtained with very concentrated preparations. Finally 
the last two series show for the Stanley crystals parallel performance of the 
two separate series, and the tendency for a maximum to exist in the neigh- 
borhood of 0.1 concentration. 


TABLE II 
LESION COUNTS OBTAINED WITH LATIN SQUARES 
Concentration—mg. per cc. 
Latin square L. sq. totals 
,EL. 12 nO .08 .06 
I 375 850 751 815 481 3272 
2 474 596 731 445 445 2091 
3 571 537 596 513 438 2055 
4 431 542 569 488 469 2409 
Total 1851 2525 2047 2261 1833 ean 


The results of an experiment conducted to show that solutions after 
dilution may give rise to more lesions than before dilution are given in 
Table II. The 0.14 solution was prepared by adding 2.00 cc. of stock con- 
taining 1.85 mg. per cc. to 24.44 cc. of water, The 0.06 solution was made 
by adding 1.00 cc. of the stock to 29.85 cc. of water, The intermediate 
concentrations were made by mixing three parts of the o.14 and one part 
of 0.06, by mixing equal volumes, and by adding one volume of the 0.14 
to three volumes of 0.06. The five solutions were applied to five plants in a 
Latin Square design. Four such Latin Squares were inoculated and the 
counts obtained from each square examined. In every case some one of the 
intermediate solutions gave greater counts than the extreme concentra- 
tions, 

OTHER EXPERIMENTS WITH THE VIRUS CRYSTALS 

The two stocks of virus crystals were compared by making up each 

lot in water solution and in phosphate buffer solution at each of two con- 


56 CONTRIBUTIONS FROM BOYCE THOMPSON INSTITUTE [VoL. 9 


centrations of the protein. The eight solutions were applied to 16 plants. 
A total of 1035 lesions were divided: 504, 531 on the basis of the source 
of the virus; 556, 479 on the basis of the media, the phosphate solutions 
giving the larger number; and 587, 448 for the contrast of the two concen- 
trations. The protein isolated in this laboratory showed an infective capac- 
ity that was equivalent to the virus protein presented by Dr. Stanley. 

An experiment was designed to determine whether it was important to 
control the amount of liquid on the rubbing cloth. Usually three or four 
half leaves were rubbed before rewetting the cloth. The cloth was not as 
wet for the last half leaf as for the first half leaf. By extending to ten the 
number of half leaves rubbed before rewetting the cloth the drying be- 
comes very evident. To determine whether this influenced the lesion count, 
half leaves rubbed with a cloth which had just been wet were compared 
with half leaves which received later rubs. This was done by wetting a 
cloth with a solution containing 0.02 mg. per cc. of the virus and rubbing 
ten half leaves once each in turn. The process was repeated with a new 
cloth for a total of nine replications. The nine half leaves which received 
the first rub from a cloth constituted a group which could be compared 
with the nine which received the second rub and so on. 


Rub No. | ek oa 4 5 6 7, 8 6 to Av. 
Lesions 50.66 ss 8 85 YF gt ‘89 “88 So 47 
Lesions 82 76 -74 Teg I00 I10 107 86 346.62 7or 


The lesion counts obtained in two different experiments show that it 
made very little difference whether the cloth was quite wet or only slightly 
wet. There is possibly some suggestion of higher counts with the later rubs 
probably because more care was required to wet the leaf as the cloth be- 
came less moist. 

DISCUSSION 


The difficulties encountered in determining the relative infectivity of 
virus preparations are sharply revealed when the several preparations are 
formed by dilutions from a stock solution. The very considerable hetero- 
geneity of the test leaves, the seeming crudity of the inoculation procedure, 
and the fact that solutions still show infectivity after dilution 10,000-fold 
or more all led to the general employment of dilution on a logarithmic 
scale, This soon brought the concentration of the virus so low that on 
further dilution the lesion count and the dilution were directly propor- 
tional. Unfortunately at this point the number of lesions per leaf or plant 
becomes quite small and large numbers of leaves must be inoculated to give 
a total count of any useful size. At the very best, assuming Poisson’s law, 
the standard deviation of the total is equal to the square root of the total, 
so that a count of 100 has a standard deviation of ten, Actually the error 
seems to be not less than twice the theoretical. 
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The advantage, therefore, that dilute solution have of giving counts 
directly proportional to the concentration is somewhat nullified by the 
small counts obtained. Very strong solutions may be diluted considerably 
before the lesion count begins to decrease. Somewhere between this part 
of the curve and the region of low concentrations would seem to be a favor- 
able concentration at which to make comparisons. It was in this range of 
dilution that the present work attempted an intensive study. It was found 
that when the concentration was such that about half as many lesions 
were obtained as the maximum possible, further moderate dilution did not 
decrease the lesion count but often increased it. It would be practically 
impossible to detect this using the customary scale of ratio dilutions. In 
this work the dilution interval was made quite small. Ten or more dilutions 
were interpolated in a range of dilution spanned by two points in previous 
work. If the results of such small dilutions are to mean anything there 
must be evidence that the unchanged or increased lesion count is not 
merely uncontrolled variation in the counts arising from the method of 
inoculating or differences in the test leaves. To make certain that this was 
not the case the dilution series were often run in duplicate using two sets 
of plants. The counts from each set of plants constitute separate series. 
It was found that even with very small dilution intervals the dilution se- 
ries kept step with one another in exhibiting maxima and minima. If the 
differences between dilutions for the same series were the result of the 
inoculation technique there should be erratic differences between corre- 
sponding dilutions from the two series. This is not the case. Rather, if 
one set of plants gives an appreciably lower total number of lesions than 
the other set, the counts for all the pairs of individual dilutions maintain 
the same order. There seems no alternative but to conclude that the data 
for the range of dilution showing a constant or even slightly increasing 
count really represent the performance of the solutions and are not chance 
phenomena. 

In a recent paper, Wyckoff, Biscoe, and Stanley (5) have determined 
by means of ultracentrifugal analysis that solutions of the tobacco virus 
protein diluted to 0.5 mg. per cc. show a molecular dissociation. This was 
not observed in stronger solutions even after a long time. Solutions with 
less than 0.5 mg. of protein per cc. were not reported upon but it is possible 
that further dissociation takes place in that range. If so, it would furnish an 
explanation for the undiminished or increased infectivity upon dilution in 
that range provided the smaller units are capable of initiating lesions. 

The advantages of the incomplete block arrangement are clearly evi- 
dent in the agreement of the lesion counts of the duplicate series of dilu- 
tions. Several of the curves are based on only nine plants for the ten 
dilutions. This is a smaller number of plants than were often used in pre- 
vious work to establish one point where the dilution interval was vastly 
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greater between points and differences correspondingly easier to establish. 
There is no doubt that the same procedure will show to similar advantage 
in comparing the infectivity of virus preparations that are not merely a 
series of dilutions but arise from different sources or have undergone differ- 
ent treatments. This work also shows that such comparisons should not be 
made at concentrations in the neighborhood of 0.1 mg. per cc. but at some- 
what lower concentrations where the unusual behavior upon dilution is not 
a complicating factor. 
SUMMARY 


Data for 20 dilution series of tobacco-mosaic virus are given and show 
that in the neighborhood of 0.1 mg. of virus protein per cc. the virus solu- 
tions may be diluted without a corresponding decrease in lesions produced 
on the leaves of N. glutinosa. There is considerable evidence that there 
may be an increase in infectivity after moderate dilution. This was found 
to hold for virus protein from two different sources. 

The method of incomplete blocks made possible the comparison of 
solutions that differed but little in concentration since consistent dilu- 
tion curves were obtained with only nine JV. glutinosa plants using an 
arithmetical series of dilutions in place of the more common logarithmic 
series. 
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SELECTION OF EFFICIENT METHODS FOR SOIL SAMPLING 
W. J. YOUDEN AND A. MEHLICH 


INTRODUCTION 


Since the purpose of any soil survey is to characterize the area as fairly 
as possible within the limitations of the number of samples that it is pos- 
sible to take and analyze, the efficiency of the sampling plan adopted is a 
major concern. Soil sampling procedure may be divided into two parts: 
first, the allocation of the samples over the region under survey,and second, 
the technique of sampling. The details of sampling, in particular the de- 
scription of the various horizons, have been worked out with care (2, 4). 
Various considerations such as the slope and other pertinent physical fea- 
tures of the terrain, as well as the cover crops, have also been stressed 
(5, 8, 9, 10). The need for taking replicate samples is well recognized (5, 7). 
There appears to be a lack of quantitative information regarding the dis- 
position of the replicate samples. In order to secure data to test the ade- 
quacy of various sampling plans, two soil types were studied using a 
sampling pattern that would bring out the relative agreement of duplicate 
samples separated by predetermined distances. 

The classification of soils presupposes that the distinguishing charac- 
teristics of any given type are fairly constant. The range of variation of 
any particular characteristic for a soil type is, in general, obscured by local 
variations due to incidental conditions that may exist and which are often 
unknown to the surveyor. Thus, for example, two areas separated by some 
miles may have average values for pH (determined by taking a great 
many samples) that differ by only two- or three-tenths. Individual samples 
within each area may show a far greater variation. Consequently, if but 
one sample is taken from each of these widely separated areas, the differ- 
ence in pH between the samples reflects not only the real difference in 
acidity between the two areas but also the local conditions which may have 
been encountered. The sampling procedure adopted in this work permits 
the separation of these two factors and enables the investigator to deter- 
mine the real range of variation of the soil character. Furthermore, it is 
possible to devise sampling schemes which will indicate whether differences 
found between separated areas are of a magnitude found naturally in the 
soil type or are so large as to constitute evidence that the soil has been 
altered as a result of exposure to contamination on a large scale. 


REGIONS SURVEYED 


Care was taken to select regions that would be as free as possible from 
complicating factors. This required that the sites be at a considerable dis- 
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Ficure 1. A, Section of soil survey map of Broome County, New York (6). B. Sec- 
tion of soil survey map of the Camden area, New Jersey (1) showing location of the places 
sampled. Scale 1 inch equals 1.3 miles, 
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tance from manufacturing centers. A region not under intensive cultiva- 
tion was sought because of the manifest difficulty in securing samples in 
tilled areas which would not reflect the results of agricultural operations. 
It was also essential that recent soil survey maps be available as a guide 
in determining the soil type. 

Figure r A shows a reproduction of portion (Lat. 42° 05’, Long. 75° 32’) 
of the soil survey map for Broome County, New York (6). In this section 
the predominating soil is Culvers gravelly silt loam (Cy). The soil here is a 
dark-brown, friable, slightly gritty, silt loam to a depth of six or eight 
inches. Below this depth increased compactness and larger stones are en- 
countered. It was found that a considerable portion had been set aside as a 
wild life sanctuary and that most of the remainder was not under cultiva- 
tion. Furthermore a preliminary survey showed a marked uniformity in 
the cover crop of native grasses. Wild strawberries were invariably present 
at the sampling points. The samples were collected June 22, 1937. 

The other area (Lat. 39° 42’, Long. 74° 50’) surveyed on July 30, 1937 
is shown in Figure 1 B which is copied from the soil survey of the Camden 
area, New Jersey (1). The prevailing soil here is Sassafras loamy coarse 
sand (Sd). It is described in the soil survey (1, p. 13) as consisting ‘‘of 
brown, grayish-brown, or yellowish-brown loamy coarse sand about eight 
inches thick. This rests on reddish-yellow or yellowish-red coarse loamy 
sand, which in most places extends to a depth greater than three feet.”’ 
This soil type in the area surveyed was not under cultivation. The cover 
varied from conifers to scrub oak, both being commonly present. Blue- 
berries were always found in the areas sampled. 


SAMPLING PROCEDURE 


The same procedure of sampling was followed with both soil types. 
In each case nine stations were sampled with approximately one mile be- 
tween adjacent stations. At each station two substations were selected one 
thousand feet apart. Two sampling areas one hundred feet apart were lo- 
cated at each substation. Finally, in each sampling area two sample points 
were taken ten feet apart. These distances were not adhered to rigidly and 
this combined with complete freedom as to direction permitted the exercise 
of the utmost discrimination in securing the samples under comparable 
conditions. At each sampling point three layers of soil were collected. These 
were, in the case of the Culvers soil, the top two inches, the two to six 
inch layer, and the top six inches or composite sample; and for the Sassa- 
fras the Ao, A, and B horizons. The A» horizon consisted of decomposed 
organic matter after removal of loose leaves and debris. The A horizon was 
sampled to the full depth, the B horizon to a depth of five inches. 

The recording of samples was greatly facilitated by the adoption of a 
numbering system by which each sample was identified by a code number 
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of three digits, xyz. The digit in the x position is either 0, 1, or 2 and these 
represent the top layer, lower layer, and the composite samples respec- 
tively for the Culvers loam, and the three horizons A», A, and B for the 
Sassafras sand. The nine stations were given the numbers o to 8 and these 


FIGURE 2. The 2-6 inch layer of Culvers gravelly silt loam displayed on spot plates. 
All the samples in a horizontal row are from the same station. Disposition of samples within 
station described in text. 


appear in the y position in the code. The eight sample points comprising 
each station were numbered r to 8 and occupy the z position in the number. 

On the maps are shown the locations of the two substations for each 
station. Sample points 1, 2, 3, and 4 make up one substation and §,, 6,9, 
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and 8 the other substation one thousand feet away which is marked with 
a prime. The same convention holds for all stations. It is readily seen that 
the samples at the extreme north of the Culvers area (substation 3’) were 
numbered as follows: 

o-2 inch layer 035 036 037 038 

a6 “ 5 135 136 iy? 138 

Composite 235 236 237 238 
Samples ending in 5 and 6 are taken ten feet apart and are separated by 
one hundred feet from those ending in 7 and 8 which are in turn ten feet 
apart. Samples ending in 1, 2, 3, and 4 follow the same pattern. 


LABORATORY EXAMINATION OF SAMPLES 


The appearance of these soil samples may be judged from Figure 2. 
Figure 2 shows a photograph of the 72 samples of the two to six inch layer 


TABLE I 
PH VALUES FOR THE 72 SAMPLES OF CULVERS GRAVELLY Si_tT LOAM 


Sample number 


Station Station 
number 4 D 3 4 5 6 7 8 average 
° Serowies OOM S55 Ie 5e4G | A100) | 4.60 |eSa04e! 4.00 isi 
I 3 5.23 5.oO1 557 5-30 5-37 ee 4 5.08 4.99 2d 
2 5-28 | 5.08 | 5.01 | 5-13 | 5-45 | 5-53 | 5-45 | 5-53 5-31 
a BeOr eA Som ses ty shOtal|| 4272) 1). 4.80) 4.870) 4a72 4.91 
EBe ire 4-52 | 4.49 | 4.62 | 4.35 | 4.91 | 4.89 | 4.71 | 4.82 4.66 
5 = 4.28 | 4.25 | 4.38 | 4.59 | 4.62 | 4.76 | 4.86 | 4.81 Aver 
6 5 4-77 | 4-77 | 4.93 | 4-91 | 4-74 | 4.87 | 4.84 | 4.76 4.82 
igs 4.79 | 4.59 | 4.82 | 4.72 | 5.01 | 4.71 | 4.77 | 5-04 4.81 
8 4.96 | 5.11 | 4.87 | 4.43 | 4-94 | 4.55 | 4-49 | 4-64 4-75 
Av. 4.91 
° 5a2tey 6.79) 5.30 | 5.37 | 4104-1401 | 4.87 | 74.87 5.06 
ie, ees ea OOM SOM k-aTOn | S120: | Sinko, |b 5.04) ||) (508 Binal) 
2 ov Rees sett fs .O5 M500) | 5.05) e520!) S20 lh 5.28 5.17 
3 4.86 | 4.84 | 4.93 | 4.87 | 4.84 | 4.82 | 4.86 | 4.84 4.86 
4 * 4.52 | 4.60 | 4.60 | 4.37 | 4-91 | 5.11 | 4.77 | 4.86 4-73 
Cay 4.40] 4.45 | 4.65 | 4.93 | 4-71 | 4-79 | 5.15 | 4.84 4.75 
Oh ae Aor AtOO) | AOA N Asso 472-1 4.72 | 4.00] ASE 4.82 
7 Ae oe i Asha Oa) a74 esi Ol 4 o2l) 4 nO! lel. 4. 4.76 
8 Res OGM A GON AzTOOMEAnOT | 4. e2 laa 5 4iie 404. 4n73 
Av 4.80 
fo) BLOOMS Onl eS 20m eS 2OuleAay yet AT AelieAa Ot: || 4.080 5.00 
I GROOM Toy 5s 2oule5eO0! 1 52201) 5108 504 24.08 5.09 
2 GeeO Peon 5 eOAT | S200 le 5e25 | i030 1 525 5.40 520 
Ae 4.89 | 4.81 | 5.11 | 4.86 | 4.69 | 4.76 | 4.79 | 4.79 4.84 
4 2 4.49 | 4.49 | 4.57 | 4-37 | 4-84 | 4.87 | 4.71 | 4.79 4.65 
5 5 4.30 | 4.35 | 4-45 | 4-69 | 4.59 | 4.69 | 4.98 | 4.71 4.60 
6 oO 4.74 | 4.64 | 4.86 | 4.82 | 4.59 | 4.84 | 4.87 | 4.72 4.77 
7 4.82 | 4.45 | 4.69 | 4.74 | 4.87 | 4.72 | 4.69 | 4.91 4.74 
8 4.99 | 5-09 | 4.77 | 4.54 4.89 | 4.43 | 4-40 | 4.49 4.71 
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of Culvers loam arranged on porcelain spot plates. The numbers identify 
the station and sample number. Although the colors are not reproduced 
the different shades show something of the color range exhibited by the 
soils. This device affords an excellent means of comparing a large number 
of soil samples as regards their physical appearance, 


TABLE II 
PH VALUES FOR THE 72 SAMPLES OF SASSAFRAS LOAMY COARSE SAND 


Sample number 


Station Station 
number : 3 4 5 6 7 8 average 
° Av2t NAc LG | Ans 2Gai 2s 7 RAO. tA cOul sf aN dere AL22 
Toy 4.40 | 4.47 | 4.40 | 3.98 | 4.06 | 3.53 | 4-15 | 3.76 4.09 
2 > 3-93 | 3-57 | 3-64 | 4.20 | 4.23 | 4.94 | 3.83 | 3-93 4.03 
be 3-89 | 3.96 | 4.13 | 4.01 | 3.89 | 3.83 | 3.74 | 3.62 3-88 
4 8 2.00! | 300 | 3h OO,| os 7 40 Aalsu| Aree valde’ Oe EO 4.01 
5 oe 3-89 | 3-86 | 3.39 | 3-54 | 3-60 | 3.52 | 4.01 | 4.15 3-76 
6 a Ae2k. | 2500 \SO4 Mt Aa cO, | 2cOde ptr ee oe eee eo 3.90 
7 3-57 | 4-33 | 4-11 | 3-71 | 3-74 | 3-67 | 3-94 | 3-82 3-86 
8 3-56 | 3-57 | 3-60 | 3.56 | 4.05 | 3.74 | 3.72 | 3.69 3-70 

Av 3-94 
° 4.45 | 4.38 | 4.43 | 4-54 | 4.47 | 4.54 | 4.62 | 4.52 4-49 
I ASO | AAO MA S5 | Aa 2d: || Ae 20 |i 4n tO Ado eA 4-33 
2 8 Asal |) 20085 es 2r le 4 LOo\ 4 2e eee Os ae2o | Ano 4.25 
as 4.23 | 4.38 | 4.55 | 4.55 | 4-47 | 3.88 | 3.88 | 3.04 4.24 
Aes 4.06 | 4.10 |) 4535 [Sa.18 | 4-67 | 4.86 || 4743 | 4.628 4.41 
Se 4.20 | 4.18 | 3.89 | 3.96 | 4.06 | 3.95 | 4.43 | 4.35 4-13 
na 4.64 | 4.55 | 4.64 | 4.55 | 4.20 | 4.06 | 4.21 | 3.96 4.35 
7 4-32 | 4.51 | 4.32 | 4.23 | 4.23 | 4.38 | 4.30 | 4.40 4-34 
8 3-93 | 4-21 | 3.91 | 3.96 | 4.47 | 4.43 | 4.47 | 4.01 4.17 

Av 4.30 
fe) ARITA Auta | 4 OO wn 4 OA Aide OO Were) |S ences 4.83 
I 4.07 | 4.45 |\4.04 | 4.05 | 4.71 | 4.30 | 4.52 | 4.40 4-55 
2 ¢§ 4.74 | 4.54 | 4.67 | 4.67 | 4.82 | 4.91 | 4.67 | 4.84 4.73 
3 ON 4-74 | 4-59 | 4-77 | 4-60 | 4.59 | 4.60 | 4.38 | 4.55 4.60 
AM ues 4.40 | 4.47 | 4.62 | 4.57 | 4.93 | 4.89 | 4.74 | 4.57 4.05 
5 «x AcA2 | A500 |) 42600 | A.A | A eOd eh ebO ia Os F aGG 4.65 
6 B30 | 5508 | 4.72) 4e8Q | 400 194.66 " AcGe | aon ACTF 
Wf AgO7 | 4507 1 ASO A An ALL An One|) 4 WOan an Omi COG 47 
8 4.50 | 4.49 | 4.33 | 4-35 | 4-49 | 4.49 | 4.65 | 4.49 4-47 

Av 4 


. 66 


The acidity is only one of many soil properties but its ease of measure- 
ment was an advantage in obtaining information regarding sampling meth- 
ods. The acidity was determined by means of a Leeds and Northrup glass 
electrode. In each day’s run one complete set of 72 samples all from the 
same horizon were measured, The measurements were repeated for one set 
and the standard deviation of a single measurement found to be 0.05 pH 
unit. The soil suspensions were prepared by stirring together 50 cc. of 
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water and 20 grams of soil, which had been air-dried and put through a 
1o mesh sieve. The mixture was stirred occasionally during an interval of 
30 minutes before determining the acidity. 

The complete list of pH values for the Culvers loam is given in Table I 
and for the Sassafras sand in Table II together with the mean values for 
the various stations. Each table is divided into thirds corresponding to the 
three layers sampled. The eight values in any row are from the same sta- 
tion, in accordance with the numbering scheme described above. The im- 
mediate impression given by the data is that the averages of the several 
stations for any set agree more closely than individual samples from the 


TABLE III 
DIFFERENCE IN PH oF DUPLICATE SAMPLES OF CULVERS GRAVELLY SILT LOAM 


Distance between o~2 inch layer 2-6 inch layer 
ote ace Av. diff. Max. diff. Av. diff. | Max. diff. 
to feet 0.14 0.44 o.II 0.49 
100 feet 0.18 0.84 0.20 0.53 
1000 feet 0.26 0.69 Ones 0.81 
1-3 miles 0.36 me 2 0.28 Os 
TABLE IV 


DIFFERENCE IN PH oF DUPLICATE SAMPLES OF SASSAFRAS LOAMY COARSE SAND 


Di Ao horizon A horizon B horizon 
istance 
between duplicate Av. Max. Av. Max. Av. Max. 
gasapkes diff. diff. diff. diff. diff, diff. 
to feet 0.23 0.76 Onn7 0.59 Omens 0.46 
too feet 0.27 sie 0.19 0.590 0.18 0.81 
1000 feet 0.31 DSi 0.28 ©.99 0.19 0.70 
I—3 miles 0.35 1 ass 0.28 1.18 0.20 1.00 


same station, although samples separated by but ten feet show very good 
agreement. The average difference between samples separated by ro feet, 
100 feet, 1000 feet, and by stations were calculated from the data and are 
listed in Tables III and IV. The maximum differences encountered are 
also listed. The average differences become larger as the distance between 
the duplicate samples increases. In the case of the lower layers the average 
difference is evidently approaching a limiting value. This is shown in Figure 3 
which brings out the greater variability of the surface layers in comparison 
with the lower layers. The differences do not arise to any important extent 
from the error of analysis, since the correction for this source amounts to 
less than 0.02 pH unit. 
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STATISTICAL ANALYSIS OF DATA 


An elegant analysis of these data is furnished by the partition of the 
variance into several categories. This is given in detail for the surface layer 
of the Culvers loam in Table V. The z distribution (3, p. 248) shows that 
statistical significance may be attached to the differences in variation, i.e., 
the mean squares, calculated for the several items. The data may be con- 


CULVERS GRAVELLY SILT LOAM 
BROOME COUNTY, N.Y. 


SASSAFRAS LOAMY COARSE SAND 
CAMDEN AREA, NEW JERSEY 


A HORIZON 


AVERAGE DIFFERENCE IN pH BETWEEN DUPLICATE SAMPLES 


10000 FEET 


LOGARITHM DISTANCE IN FEET BETWEEN DUPLICATE SAMPLES 


Ficure 3. Graph showing the relative variability of the various soil layers. The 
average difference between duplicate samples becomes larger as the linear distance between 
the samples increases. The curves show that this difference approaches a maximum value 
for the lower layers. 


sidered as 36 pairs of duplicate samples (ten feet apart) and Student’s 
method used, The mean square in that case will be twice as large as that 
given for sample points in Table V. This is the case because Student's 
method gives the variance of the difference between two samples while the 
value in the table is the variance of a single sample. The values for each 
pair of sample points may be combined giving 36 items which may be ar- 


1937] YOUDEN & MEHLICH—SOIL SAMPLING METHODS 67 


ranged in 18 pairs of neighboring sample areas. Student’s method may be 
applied to these values in turn, and the result compared with the entry 
after sample areas. 


TABLE V 
ANALYSIS OF VARIANCE OF THE SURFACE LAYER OF CULVERS GRAVELLY SILT LOAM 


fides Degrees Sum of Mean Standard 
freedom squares square deviation 
Between sample points 36 0.5758 0.01599 0.126 
Between sample areas 18 0.6536 0.03631 
Between substations 9 1.3393 0.1488 
Between stations 8 4.0984 0.5123 
Total “pt 6.6671 


The mean squares for the other five sets are tabulated in Table VI. 
In only one instance, the A horizon of Sassafras sand, does the mean square 
fail to increase as the distance increased between places contrasted. The 
mean squares for substations and stations in this column do not differ 
significantly. 


TABLE VI 
MEAN SQUARES FROM ANALYSIS OF VARIANCE 

Raison Culvers loam Sassafras sand 

peween 2-6” layer | Composite | Ap horizon A horizon B horizon 
Sample points 0.01176 0.01391 0.04618 0.02225 0.01409 
Sample areas 0.03471 0.02494 0.06546 0.03621 0.03519 
Substations ©.11432 0.11856 0.15019 0.21380 0.04982 
Stations One 72a 0.3441 0.21586 0.10684 0.09536 


Following a procedure given in detail by Tippett (11, p. 92, 93) the 
estimated variance for the different items has been calculated. These are 
as follows for Culvers gravelly silt loam: 


o-2 inch layer 2-6 inch layer 


Sample points 0.01599 0.01176 
Sample areas 0.0101 O.O1I5 
Substations 0.0281 0.0199 
Stations 0.0454 0.0198 


From these may be calculated the variance of the station mean of eight 
samples. First two sample points are averaged, the result having a variance 
of 0.01599/2, or 0.0080. This is added to o.oror to give the variance for a 
sample area as sampled, or 0.0181. Two of these constitute a substation so 
that a substation as sampled has a variance of 0.0181/2-+-0.0281, or 0.0372. 
The value of 0.0640 is obtained for the station variance in the same way. 
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This checks the value taken from Table V since the variance of a station 
mean is one-eighth of 0.5123, or 0.0640. 

The values are now in hand to compute the variance of station means 
when sampled according to some other pattern. Thus if but four samples 
are taken at intervals of 1000 feet the variance is 


0.0160+0.0101+0.0281 
4 


+0.0454 =0.0590 


or less than that obtained with eight samples most of which are taken in 
close proximity to each other. Any other combination of distances may be 
assumed and the efficiency of the arrangement determined. 


DISCUSSION 


The usefulness of laboratory examination of soil samples in the classifi- 
cation of soil types depends on the selection for study of soil properties 
which vary over a limited range within the type and which take on 
uniquely different values for different types. The range within which a 
given property may vary for each type may be determined by choosing 
a number of localities all classified as the same type and sampling very 
intensively by taking a great number of samples. The local irregularities 
will disappear in the station averages which may then be used to estimate 
the range over which the property varies. This is equivalent to making 
the first term in the computation in the preceding paragraph approach 
zero since the denominator represents the number of samples taken. The 
remaining quantity, 0.0454, which characterizes the station variance may 
be doubled to give the variance of the difference between two stations. 
The standard deviation is the square root of this quantity, or 0.30, and 
when divided by 1.253 gives the average difference, or 0.24. Differences 
up to two and one-half times the average difference will be frequently en- 
countered so that the range within which the great bulk of the stations 
will fall is 0.6 pH unit. The maximum difference found between any pair 
of the nine station means, even with limited sampling, is 0.74. Similar 
calculations for the lower layer give an expected range of about 0.4 pH 
unit. The maximum observed difference between station means is 0.44. 
In the instance of the two soil types under consideration there is a marked 
difference in the average values for the acidity. 

The problem, referred to in the introduction, of distinguishing whether 
differences in properties found between widely separated areas are such as 
occur naturally in the type or are indicative of the superimposition of un- 
usual conditions, also requires a knowledge of the variation found within 
the type. In some cases soils have been exposed to industrial waste gases, 
such as sulphur dioxide, and it becomes important to ascertain whether 
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the soil has been damaged, and if so, the limits of the area affected. It 
should be clear that supposed differences in properties must be considered 
in view of the distances involved. Certainly the evaluation of such differ- 
ences in terms of the agreement of samples taken within a limited area 
courts misinterpretation. 

A recent article by Walker (12) discusses the general question of hetero- 
geneity within a soil type and its bearing on field experiments. This author 
strongly advocates the use of statistical control in soils experiments. Soil 
studies are often carried on simultaneously with yield trials. The sampling 
methods used in the soil work may properly be given the same considera- 
tion that is now directed to the design and analysis of the yield trials. 

The evidence in this work indicates that the sampling of large areas 
may have been inefficient because the replicates were taken too near to 
each other. This may be demonstrated by eliminating all the even or all 
the odd numbered samples in Tables I and II and noting that the stations 
are nearly as well defined by the remaining values. Samples taken close 
together too often show the influence of the same local situation and con- 
tribute little more than one sample would to the formulation of an ac- 
curate estimate of the whole area. When the samples are more widely dis- 
persed there is far greater opportunity for the transient conditions to 
neutralize themselves rather than perpetuate themselves in the average 
for the area. 

SUMMARY 


Culvers gravelly silt loam from Broome County, New York, and Sassa- 
fras loamy coarse sand from the Camden area, New Jersey, were sampled 
at nine stations scattered over an area of several square miles. At each 
station samples were collected at definite intervals and the acidity of the 
samples determined. The results show in each case that samples from 
widely separated points vary more than samples taken close together. This 
was also observed to hold for the lower horizons where the variation was 
not as great and tended to reach a maximum value characteristic of the 
soil type. 

The data were subjected to statistical analysis to show the relative 
efficiency of various spacings for replicate samples when large areas are 
surveyed. It was found that intervals as low as to feet, or 100 feet, were too 
small to constitute an effective method for sampling these areas. 

The sampling procedure was discussed with reference to its application 
in crop fertility studies, soil classification, and the investigation of possible 
damage to soils over large areas. 
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GERMINATION AND SEEDLING PRODUCTION 
OF ARCTOSTAPHYLOS -UVA-URSI 


JOHANNA GIERSBACH 


INTRODUCTION 


The species Arctostaphylos Uva-ursi (L.) Spreng. (bearberry) is hard 
to propagate from seed as the fruits may lie on the ground for years be- 
fore germinating. This difficulty is caused by a dormant embryo com- 
bined with an unusually hard fruit coat. Many rosaceous forms, as re- 
ported by Crocker and Barton (2) and Giersbach (4), and also other forms 
such as Symphoricarpos racemosus (3), Tilia americana (1), and Halesia 
carolina (5), presented similar problems. In such cases the hard coat of 
either nut or seed must be destroyed by mechanical or chemical means, 
or by soil organisms (6), which act on fruit and seed coats during a warm 
season. After the coats had been made permeable the embryos after- 
ripened and germinated readily after a period at low temperature. 

The fruit of the genus Arctostaphylos is a drupe, where the pericarp 
consists of a fleshy outer layer and the hard inner stone. The latter is 
composed of 1o nutlets and may contain from 1 to 10 seeds. The Rancho 
Santa Ana botanic garden of native plants of California, Herbarium, bo- 
tanical library (7, p. 14) gives a general description of the species of Arcto- 
staphylos as follows: ‘“‘The seed of the varieties where the fruit breaks up 
into small nutlets germinates most readily and generally germinates the 
first year. But those where the nutlets are combined in a large solid nut 
do not germinate until the second and third year and then the germina- 
tion is very poor.’ Arctostaphylos Uva-ursi belongs to the latter group. 

Arctostaphylos Uva-ursi grows abundantly along the Long Island high- 
ways and seed material was collected and furnished through the courtesy 
of Mr. C. J. MacGregor, Nursery Superintendent of the Long Island State 
Park Commission. The fruits were freed from pulp by use of a Hobart 
machine. During this process some of the stones fell apart into single nut- 
lets or stone-pieces, while others remained a solid stone. 

Cutting tests showed that entire nutlet stones contained from 1 to 9 
embryos each; 100 of such stones contained 350 to 415 embryos. The av- 
erage number of embryos in 100 stone-pieces varied according to the size 
of the piece; 100 single nutlets contained between 67 and 85 good em- 
bryos, depending upon the crop. Germination and seedling production 
percentages reported in this paper are based on the approximate number 
of good embryos to too nutlet stones, roo stone-pieces, or roo single nut- 
lets. 


Copyright, 1937, by Boyce Thompson Institute for Plant Research, Inc, 
(71) 
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EXPERIMENTAL RESULTS 
During the following experiments entire stones, stone-pieces, or single 
nutlets were treated with concentrated sulphuric acid to break down the 
stony coats. This treatment was followed by high temperature applica- 
tion, preceding low temperature in which the embryos were to after-ripen. 
TABLE I 


EFFECT OF CONCENTRATED SULPHURIC ACID AND TEMPERATURE TREATMENTS ON 1933 
Crop OF ARCTOSTAPHYLOS UVA-URSI 


ee ie Per cent seedling | Total per- 

Chet Acid cGs og sae eee production after 1 | centage of 

mate. | vreat- for R winter in board- | germinated 
oe ment 15 8 - covered frame seeds 

(hours)|months 4 
a loll) lope ee! b a b a b 

° 5 ° ° ° ° ° ° I ° I ° 

None 10 ° ° ° ° ° ° ° ° ° 

I 5 ° fo) ° fo) ° ° 3 7 3 7 

Io ° I ° I ° 2 a 12 3 14 

Entire 2 c ° I fo) I I I 7 14 8 15 

stones ite) I ° I I 2 I 16 ZO ye et 21 

| 

3 5 ° I I 2 2 2 19 2 | 21 23 

5fe) I 2 I 3 3 4 22 7 “2 21 

4 5 Ce coe oe ee ler ie aa | 25 oi) ae 32 

10 tt 6 2 | 10 a x6 17 22 ay > a2 

5 ° I ° I ° 10 5 | 20} ae 

None 10 fo) ° ° ° ° I 5 I 5 2 

0.5 5 oye eee 2) Game) ie 7 10 7 13 

10 fe} ° ° 3 fe) 4 22 16 22 20 

I 5 I 4 I ig 5 19 19 22 24 

Single ine) I a Ziallig tase A | &2 7 22 31 34 
nutlets inde: me 

2 5 I 7 Pal iS cae ge 23 22 24 33 

10 3 5 ees che 8 | 12 24 24 32 36 

3 5 ae as) gl a6 5 | 26 20 18 31 43 

10 S| ta) |e 26 | 6s ee 30 24 54 40 

4 5 ee dy 4 | 22 5 | 22 32 15 oT Sd 

10 | BS tO eee er es 15 18 26 40 


a=No period at 20°C. preceding periods at 5° or 10° C. 

b=Two months at 20° C, preceding periods at 5° or 10° C. 
For oven tests, the seed material was placed in moist granulated peat moss 
in containers that were kept in electrically controlled ovens. For plant- 
ings in flats, entire stones or single nutlets were planted in soil containing 
peat, sand, and soil in equal parts. The flats were kept in various condi- 
tions. 
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Oven tests. Cleaned entire stones and single nutlets were treated with 
concentrated sulphuric acid for various lengths of time, mixed with moist 
granulated peat moss and kept at 5° C. and 10° C. with and without a 
preceding two-month period at 20° C. Table I shows that the entire 
stones as well as the single nutlets scarcely germinated without preceding 
acid treatment. A four-hour application of sulphuric acid was more ef- 
fective than one, two, and three hours for entire stones. Three hours, how- 
ever, was sufficient for single nutlets. Germination percentages did not 
exceed ro for the entire stones and 28 for single nutlets. This may have 
been due to the fact that the thickness of coats varied and the acid treat- 
ment was not equally effective. Some of the coats of nutlets or entire 
stones were destroyed to the point of seed injury, while others were not 
treated enough. The entire stones or single nutlets, where the coats were 
effectively removed, germinated after a period of four to eight months in 
the cold, 10° C. and 5° C. being equally good for after-ripening. Germina- 
tion was considerably higher at low temperature with a preceding two- 
month period at 20° C. When germination had entirely ceased after 15 
months at low temperature, the seed material of this experiment was 
planted in flats in June, exposed to the summer heat, and wintered in a 
board-covered frame. The following spring a considerable number of seed- 
lings appeared in the case of acid-treated seeds, while germination of un- 
treated ones remained low (Fig. 1, I and Table I). The importance of the 
length of the high temperature period preceding low temperature when 
combined with treatment of the seed material with concentrated sul- 
phuric acid was especially noticeable in the 1935 crop when germination 
in moist granulated peat moss at 10° C. was recorded (Table II). 


AMMEN, UL 


EFFECT OF CONCENTRATED SULPHURIC ACID AND PRECEDING PERIODS AT 25° C. ON 
GERMINATION IN Moist GRANULATED PEAT Moss aT 10° C. 


Per cent germination after months at 10° C. 


Acid 5 | ie) ia 
LoCo UY SOY eae — 
(hours) Preceding months at 25° C. 


Seed material 


Poe bana oe IN cegsh ah ek NG) 2g | a lies 


1934 crop. 


I 
2 -- J 
ee 3 } 8|16| 8/13/18] 17) 37 | 22 | 20 | 27| 19 | 38] 34 | 37 | 27 
4 


None CHOW ON cee Ou et oneal Toe Mh ald 

I On "oul, Ol Only Tyros ete =D | exh om) ae) ze 

g959° OD. 2 oy lara ent ONO len) ca Sven su 8 3 D5. ToahLo 
Single nutlets 3 Pea) Anessa on Sel erAN eo sslomal2 DuleeS.| esullen Sia |20 
4 2 eo OM 2 | 2o i) 8ilto)07 20) 1'33)) TA) 22) 201) 33, 35 
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Samples of roo single nutlets each were planted in the greenhouse 
monthly from lots in moist peat moss at 5° C. and 10° C., with preceding 
periods of one, two, and four months at 20° C. or 30° C. during a period 


FIGURE tr. Seedling production of Arctostaphylos Uva-ursi. 1. In spring of 1936, planted 


June 1935 following 15 months in moist peat moss at and 1to° C. (A) t hour concentrated 
H»SOq; (B) 2 hours; (C) 3 hours; (D) 4 hours; (E) no acid: (F) no acid, sand 
If and III. Effect of planting time in 1934 on seedling production in spring of 
Entire stones, 3-hour treatment of concentrated H.SO,. III. Single nutlets, 2 hours con- 
centrated H»SO,4. (A) January; (B) April; (C) August. IV. Effect of lengths of treatment 


with concentrated H,SO, on entire stones. (A) No acid; (B) 2 hours; (C) 4 hours, 


instead of peat. 


1935. II 
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of 12 months. Since no seedlings appeared during a period of two months 
in the greenhouse, these sample plantings were alternated monthly be- 
tween the ro® C. room and the greenhouse, but still no seedling production 
occurred. 

Alternating low temperatures (3° to 10°, 5° to 10°, and 5° to 15° C. 
alternated twice monthly) were also tried for after-ripening but were 
found to offer no advantage over constant low temperatures. 

That the embryos of Arctostaphylos Uva-ursi were not very dormant 
was shown when the hard coats were removed by cracking fruits open 
and placing the seeds in moist granulated peat moss. In this case, germi- 
nation began after two months at constant temperatures of 5° or 10° C., 
as well as weekly alternating temperatures of 1° to 10°, 5° to 10°, and 10° 
to 30° C., and was concluded after six months (Table III). Various other 
temperatures were tried but gave negative results. As it was difficult not 
to injure the seeds while cracking the coats, only small seed samples were 
available. 

TABLE, It 


EFFECT OF REMOVING COATS ON GERMINATION OF ARCTOSTAPHYLOS UVA-URSI AT 
VARIOUS TEMPERATURES. 1932 CROP 


Per cent germination after months in peat* 
Temp. C: 
2 3 4 5 6 
5 ° 8 32 32 32 
: Io 4 16 24 28 28 
I to Io fo) 4 16 20 28 
5 to 10;Weekly alternation ng: 20 20 20 32 
10 to 30) fo) ° I 8 12 


* Percentage based on samples of 25 seeds. 


To test the relative effectiveness of soil and granulated peat moss 
samples of single nutlets pretreated with concentrated sulphuric acid for 
1.5 hours were mixed with each medium and placed at 10° C., preceded 
by periods of various lengths at 25° C. Table IV shows that soil was 
inferior to peat. 

Flat plantings. Entire stones and single nutlets were planted in flats 
in the soil mixture described above. Plantings were made on the fifteenth 
of each month throughout the year 1933, and in December 1932. These 
flats were wintered outside in open, mulched, or board-covered cold 
frames. The open frame seemed to be less favorable for seedling produc- 
tion of Arctostaphylos Uva-ursi, while the board-covered and mulched 
frames were equally good. Very few entire stones germinated after the 
first winter, and not many more after the second and third winters. Seed- 
ling production of single nutlets was somewhat higher, as probably less 
stony coat substance had to decay to enable the seed to after-ripen. The 
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percentage of seedlings did not increase much after the third winter. It is 
evident from the results of the spring and summer plantings that high 
temperature alone as pre-treatment was not sufficient to assure a good 


crop of seedlings after a cold period. 


TABLE IV 


COMPARISON OF GRANULATED PEAT Moss AND Sort AS MEDIA FOR GERMINATION OF SINGLE 
NuTLETs AT 10° C, NUTLETS TREATED FOR 1.5 HouRS WITH CONCENTRATED SULPHURIC 
AcID. 1934 Crop. SAMPLES OF 200 USED FoR EAcuH TEST 


Per cent germination after months at 10° C. 
Pre-treatment 
ates ex 6 12 18 
(months) 

Peat Soil Peat Soil Peat ! Soil 
None 16 3 28 7 31 ! 7 
2 Io 9 36 19 40 ae 
3 13 7 35 10 36 12 
4 ee 3 28 3 30 | 3 
5 22 7 31 7 32 7 


Entire stones, stone-pieces, and single nutlets were treated with con- 
centrated sulphuric acid for various lengths of time and were planted in 
flats in June 1935 (Table V). The percentage of seedling production in 
the spring of 1936 was as high as 65 to 76 for entire stones with an acid 
treatment of three, four, and five hours. Stone-pieces treated for four and 
five hours gave 61 and 57 per cent. The optimum time for treating single 
nutlets seemed to be three hours. A longer acid treatment reduced seed- 
ling production of single nutlets. 


TABLE V 


SEEDLING PRODUCTION IN FLATS WINTERED IN A MULCHED FRAME AFTER TREATMENT 
WITH CONCENTRATED SULPHURIC ACID. 1934 Crop. PLANTINGS MADE JUNE 7, 1935 


Acid 


Per cent seedling production, spring 1936 
treatment F as > is a al = 
(hours) Entire nutlet stones Stone-pieces Single nutlets 
None 12 12 r) 
I 16 14 23 
2 39 3t 37 
3 70 40 45 
4 OS Or 32 
5 79 of as 


Table VI shows the results obtained from flat plantings made at inter- 


vals throughout the year 1934. Entire stones and single nutlets were 
treated with concentrated sulphuric acid for two and three hours, planted 
in flats, and mulched during winter. Seedlings were recorded in the spring 
of 1935, 1936, and 1937. For untreated entire stones, as well as for un- 
treated nutlets, seedling production was poor. When treated with con- 
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centrated sulphuric acid for three hours, the January and April plantings 
of entire stones gave a fair amount of seedlings after the first winter (Fig. 
1, II, A and B). In the case of plantings later than July, most seedlings 
came up after the second winter. Seedling production increased little after 
the third winter. Single nutlets treated with concentrated sulphuric acid 
for two hours before planting gave similar results (Fig. 1, III). However, 
the latter could be planted as late as July and still give a fair crop after 


TABLE VI 


EFFECT OF TIME OF PLANTING ON SEEDLING PRODUCTION OF ENTIRE NUTLET STONES 
WINTERED IN A MULCHED FRAME. 1933 CROP. PLANTINGS MADE ON First Day 
oF Each MontTH 


No acid treat. 2 hrs. acid treat. 3 hrs. acid treat. 
Sod Time of —— 
. planting Per cent seedling production in spring 
material (1934) 
FO35u 29305) TOS7 505035 1) LOsOr | LOs7 |) 2O35a)) L308 nos 7 
| 
| January I 3 — #2 26 a= 14 18 — 
April I 2 3 10 17 18 
May I 2 — 
Nutlet | June I 4 — 
stones| July fo) I I 3 16 23 9 30 32 
August I 2 co 2 7 = 5 16 == 
September OA 4 — I 14 — I i — 
October Gn. i 9 O I ° 5 ie) I 8 14 
November ° — — fo) —_ — i — = 
January I 3 = 16 24 a 25 AI — 
April I B = 19 24 — 24 26 — 
May kas 5 = = at = = = — 
Single June I 3 = — = = == = 
nutlets| July 3 4 4 18 24 AG) 26 28 28 
August I 4 = i 12 — ms 16 — 
September I 3 — 5 15 — 8 20 — 
October tea 4 a 4 22 34 5 26 26 
Movember) - 1.) = = I = = 4 == 


one winter. Plantings in August and later produced the main seedling 
crop after the second winter. The importance of the length of the acid 
treatment for seedling production of entire stones planted in January is 
shown in Figure 1, IV. 

Stone-pieces treated with sulphuric acid for two, three, and four 
hours were planted in flats and placed at ro°® C. constant, or with one, two, 
and three-month periods at 21° C. When transferred to 21° C. after two, 
three, four, and five months at 1o° C. scarcely any seedling production 
occurred in the greenhouse. However, when these flats were mulched over 
winter, a considerable number of seedlings came up the following spring. 

To determine the effect of a salt solution on the coat, entire stones were 
alternated between soaking either in a saturated NaCl solution, in this 
solution diluted to 50 and to 10 per cent, or in tap water, or were exposed 
to freezing and thawing in these solutions over a period of three months. 
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At that time the stones had softened to the extent that they could be cut 
into separate nutlets. The stones so treated were planted in flats in March 
and gave not more than 3 per cent seedling production after one winter 
in a mulched frame. 

Preliminary work on Arctostaphylos patula (so called by the California 
Forest and Range Experiment Station, Berkeley, California) showed this 
species to be similar to Arctostaphylos Uva-ursi, in requirements for 


germination. 
SUMMARY 


t. The stony fruits of Arctostaphylos Uva-ursi fail to germinate readily 
for two reasons—a hard coat and a dormant embryo. 

2. The hard coat of entire stones, stone-pieces, and nutlets may be 
partially removed by treatment with concentrated sulphuric acid for 
various periods. Such treatment may be made more effective by a subse- 
quent high temperature period in moist granulated peat moss. 

3. After the coat problem is solved, low temperature is needed to 
overcome the dormancy of the embryo. Stone-pieces treated with con- 
centrated sulphuric acid for three hours and then mixed with moist granu- 
lated peat moss and kept at 25° C. for two months, gave four per cent 
germination when transferred to to° C. Single nutlets soaked in concen- 
trated sulphuric acid for 90 minutes germinated up to 40 per cent with 
the same temperature treatment. 

4. When entire stones were treated with concentrated sulphuric acid 
for 3, 4, or 5 hours, planted in flats on June 7th, and subsequently wintered 
in a mulched frame, seedling production amounting to 70, 65, and 76 per 
cent was obtained. Under the same planting conditions as for entire 
stones, stone-pieces and single nutlets gave 61 and 37 per cent seedling 
production after being subjected to acid treatments for 4 and 2 hours. 
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GERMINATION AND SEEDLING PRODUCTION 
OF SPECIES OF VIBURNUM 


JOHANNA GIERSBACH 


INTRODUCTION 


Seedling production of the genus Viburnum has long been a problem. 
It has been discussed in the literature without any definite and satisfactory 
answer. In 1894 Jack (5) reported ‘“‘about seeds with a hard bony cover- 
ing,’ which might commonly be expected to grow in the second rather 
than in the first year, especially if not planted until spring. He mentioned 
Viburnum as one of these. Pammel and King (8) collected the fruits of 
Viburnum lantana, stored them out-of-doors on the surface of the ground 
during the winter, and planted them in the greenhouse in the spring where 
one seedling was produced. They obtained no germination from Vibur- 
num opulus wintered out-of-doors. Mitchell (6) germinated seeds of V. 
acerifolium and V. prunifolium on filter paper at 20° to 25° C. in light and 
dark. She obtained high germination percentages. Davis (4) observed two 
stages of germination of the highbush cranberry. The first was the growth 
of the radicle at a temperature of 68° F. or higher, the second the develop- 
ment of the cotyledons, still covered by the seed coat at a cold tempera- 
ture of 40° to 50° F., during which time the root system would enlarge. 
After the cold period, seedlings would develop normally in a warm green- 
house. In 1927 Adams (1) reported on experiments with V. Jantana and 
V. pubescens when seeds, freed from pulp, were planted in soil and were 
kept out-of-doors during the winter and placed in the greenhouse in the 
spring or kept in the greenhouse all the time. He also stored seeds dry in 
a tin box outside or at room temperature over winter. The latter were 
planted in soil in the greenhouse in the spring. Only two seedlings were 
produced in the case of V. pubescens. Sixty-five per cent seedling produc- 
tion was obtained for the cultures of V. Jantana with cold treatment, 25 
per cent in constant greenhouse. Very low seedling production was re- 
ported for dry-stored seeds. No greenhouse temperatures were given in 
this report. In 1934 Nichols (7) conducted germination tests with seeds 
of 200 species, where seeds, freed from pulp, were planted in the soil in 
the fall and placed in a greenhouse immediately or with a preceding period 
of cold temperature. His cultures were kept for a year and a half. Good 
germination was obtained for V. nudum and V. opulus in all conditions. 
Plantings of V. alnifolium, V. cassinoides, and V. dentatum were only 
successful when kept in the greenhouse from the beginning of the experi- 
ment. No greenhouse temperatures were given. 

Barton (2, 3) reported that tree peony and lily seeds germinated readily 
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at a daily alternating temperature of 15° to 30° C. and a constant tem- 
perature of 20° C. but required a cold period to break the dormancy of 
the epicotyl. 

In the following experiments an effort was made to work out in detail 
the germination and shoot development of various species of Viburnum. 


MATERIAL AND METHODS 


In the experiments described below work was done with the following 
species: Viburnum acerifolium L., V. dentatum L., V. dilatatum Thunb., 
V. lentago L., V. nudum L., V. opulus L., V. prunifolium L., V. pubescens 
Pursh., V. rufidulum Raf., and V. scabrellum (T. & G.) Chapm. The seeds 
of V. acerifolium, V. dilatatum, V. opulus, V. prunifolium, and V. pubescens 
were collected on Boyce Thompson Institute property. V. dentatum 
and V. lentago fruits were furnished by Thomas Lane, seedsman, Dresher, 
Pennsylvania. The fruits of V. nudum, V. rufidulum, and V. scabrellum 
were collected and sent through the courtesy of Teas Wholesale Nursery 
of Conroe, Texas. 

The fruit of Viburnum is a one-seeded drupe with soft pulp and a thin 
stone. For the germination and seedling production tests the stones, re- 
ferred to in this paper as seeds, for convenience, were freed from the pulp 
immediately. In a limited test on the effect of storage at room temperature 
and 5° C., seeds were stored in pulp as well as clean. 

Experiments as conducted may be divided into germination tests 
where root production was recorded and seedling production in soil where 
shoot production was recorded. As all Viburnum species studied showed 
a similar trend in behavior, V. acerifolium will be described thoroughly as 
a type, while the other species will be discussed in a general way, except 
where deviations from the pattern of V. acerifolium are shown. 

Constant and daily alternating temperatures were used. In the case of 
the latter, the cultures were left at the higher temperatures for 8 hours 
and at lower temperatures 16 hours each day. 

EXPERIMENTAL RESULTS 
GERMINATION 

Cleaned seeds of all species were mixed with moist granulated peat 
moss and placed at constant temperatures of 1°, 5°, 10°, 15°, 20°, 25°, and 30°, 
C,, and daily alternating temperatures of 10° to 30°, 15° to 30°, and 20° 
to 30° C, Different Viburnum species varied in germination rate and in 
range of effective temperatures. Of the temperatures tested those satis- 
factory for growing the first root of all species were constant 20° C. and 
20° to 30° C. daily alternation. A daily alternation of 15° to 30° C. was 
slightly less effective and seeds germinated to a less extent and more 
slowly at 10° to 30° C, daily alternation. Germination of seeds of V. aceri- 


1937] GIERSBACH—GERMINATION OF VIBURNUM Sr 


foltum, V. rufidulum, and V. dentatum, was spread over a long period 
(6 to r7 months) and took place only at a constant temperature of 20° C. 


and daily alternating temperatures of ro° to 30° C. and 20° to 30° C. For 
V. prunifolium and \V. dilatatum, germination was completed in a much 
shorter period (seven to nine months). Germination of V. lentago was 
nearly completed after five months, and V. opulus after two months at 
the optimum temperatures. V’. Jentago and V. opulus also showed a broader 
range of effective temperatures than the forms mentioned above. Seeds 
germinated at r5° C. and 25° C., as well-as at 20° C., 10° to 30° C., and 
20° to 30° C. Seeds of V. nudum and V. scabrellum showed prompt and 


FIGURE 1. Embryos of V. acerifolium, excised after five months in peat at various 


temperatures. Left to right: (upper row) dry seed, 5°, 10°, 15°, 20° C.; (lower row) 25°, 30°, 


10° to 30°, 20° to 30° C., cross section through seed. 


complete root production. Germination for these two species took place 
through the entire temperature range from 5° to 30° C., including high 
alternating temperatures. Germination occurred during the first month 
and was practically completed at the end of the second month. These two 
species also failed to exhibit the epicotyl dormancy shown by the other 
forms studied as will be noted in data presented below. This was to be 
expected in view of the southern range of these forms. 

The development of the embryos at various temperatures is shown in 
Figure 1, and indicates clearly the effective temperatures for germination 
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of V. acerifolium. The embryos were excised after five months in moist 
granulated peat moss at the various temperatures. 

Removing the outer seed coat or treating seed coats with concentrated 
sulphuric acid for rs, 20, 25, and 30 minutes prior to placing in the germi- 
nation medium had no effect on germination in most cases. Germination 
was decreased slightly by these treatments in a few instances. The germi- 


TABLE £ 


SEEDLING PRODUCTION OF VIBURNUM SPECIES, 1929 Crop, FROM OUTSIDE PLANTINGS 
Mabe In NOVEMBER 1929 AND KEptT IN Co_tD FRAMES OVER WINTER. DUPLICATE 
SAMPLES OF FROM 400 TO 700 SEEDS EAcH UsED 


Per cent seedling production spring 1931 


Species 
Open Board-covered Mulched 
V. acerifolium A fo) 17 rib 
V. acerifolium B 10 27 2 
V. dentatum 12 Sy, 31 
V. dilatatum 9 36 28 
V. lentago 7 27 27 
V. opulus 20 47 45 
V. pruntfolium 8 45 | 55 
TABLE II 


EFFECT OF VARIOUS STORAGE CONDITIONS ON SEEDLING PRODUCTION OF VIBURNUM SPECIES 
IN A MuLcHED CoLp FRAME, SEEDS PLANTED IN APRIL 1930. DUPLICATE LOTS OF 
100 SEEDS EacH UsEp For EacuH TEST 


Per cent seedling production spring 1931 


Storage 
Species 
R. temp. 5° C. room 

a b c a b c 
V. acerifolium 2 2 ° I 2 ° 
V. dentatum 17 ay) 5 22 30 17 
V. dilatatum 19 18 5 24 26 rae) { 
V. lentago 27 22 3 ay 40 16 
V. opulus 37 24 13 62 45 31 ‘ 
V. prunifolium 2” 22 7 27 21 7 
V. rufidulum 27 22 12 31 24 ° 


a=Cleaned before storage. 
b =Stored in pulp—cleaned before planting. 
c=Stored in pulp—planted in pulp. 


nation of seeds of V. acerifolium, which were stored in pulp at room tem- 
perature and cleaned before the acid treatment, was reduced from 59 per 
cent for untreated seeds to 15 per cent for a 20-minute and to 5 per cent 
for a 30-minute acid treatment. It is possible that the cleaning of dried 
fruits injured the seed coats so that the acid penetrated more easily. 
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SEEDLING PRODUCTION 


Preliminary results. When seeds were planted in soil in flats in the fall 
of 1929 and wintered in various cold frame conditions, seedlings did not 
appear after the first winter but came up early in spring after the second 
winter. Table I shows these results. It was obvious that for all species the 


TABLE III 


EFFECT OF PLANTING VIBURNUM SEEDS AT VARIOUS TIMES DURING THE YEAR AND 
WINTERING IN MULCHED OR BOARD-COVERED CoLpD FRAME 


Per cent seedling production in spring 1937 from 1935 
crop planted: 
Species Storage April 1,| May 1, | June x, | July 1, | Aug. rs, | Sept. rs 
1936 1936 1936 1936 1936 1930 

B Gye Me Bp: Cy Ma B CMa BGM |B Gaels |B Gala. 
. ae Baul eLS 2's.) Ho 3 2 a @ | = ° ° 
he .T. in pulp Qt Le 9 7 I I I o/—}]— ° ° 
acerifolium = C., cleaned | 40 | 28 | 55 | 40 | 17 | 18 | 15 | 3|—|—J]| of} © 
5 Gym pulp | 35 | 40 | 42 | 36, |) 23) | 20) To 8 | == == | aio 
Saree || ee || Bas OBO ee NN Se s 21 | — | — ° ° 
: wien pulp 9205) 30) \' 23 || on 220i) 23° |" x 14/—]|—]|o]| o 
V. dentatum Eoecleanedal ers) araiea>) ror slesoulus2: | 26a) atom sir" Ono 
5° C. in pulp* | 20 | 18 8-) TO | 10 | ©3. | Tr} r2 | == | == ° ° 
R.T., cleaned | 79 | — | 66 | — | 60 | — | 34 | —-| — |] — o|— 
¥. R.T. in pulp* | 55 | — | 82 | —] 61 | —} sr | —}] —/]—] of — 
dilatatum 5° C., cleaned | 79 | — | 88 | — | 79 | — | 54 | —} —|—]| o|] = 
5° C. in pulp* | 81 | — | 72 | —] 77 | —] 77] —]|—|— @ || = 
R.T., cleaned 2 AM ez 2 2 ° I ° ° ° ° 
VY. R.T. in pulp* 9 Olea ye2s 5 I ° I ° ° ° ° 
prunifolium | 5° C., cleaned | 10 7A 20") 22 ° 2 I B fo) ° ° ° 
5 (anepalpe | sO 20 |) 32 —— | ee eer amon leo ol etion|leo 
R2T., cleaned |) $7 | = se — | 88} — a — | 56} — ° ° 
AL in pulp?) 2o"p—— 9) 24 ="! 54 6 | — |] 62 | — ° fo) 

V. opulus Ree mmcleane nal OO me ita 0 40H tail 0700 ae) Oral a tal BAO 

6 Gani pulp® | 67 |= | 6o. |h==— 80} — | 77 | — | 36 |— | o 


* Fruits were freed from pulp on the day before planting. 

+ Covered with moss. 

R.T.= Room temperature. 

B.C. = Board-covered frame. 

M.=Mulched frame. 
board-covered and mulched frames gave a higher percentage of seedling 
production than the open frame, where probably many seeds had been 
killed by freezing. The percentages in these tests were low, due to the 
fact that seedlings had already appeared and many had damped off when 
the frames were opened in March. 

Table II gives the results of another preliminary test, where seeds of 
Viburnum species, stored at various conditions for five months, were 


planted in a cold frame in April 1930. Seedling production occurred the 
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following spring. Fairly good stands of seedlings were obtained for all 
species except acerifolium. Comparing the data of Tables I and II, it will 
be observed that seeds planted in November 1929 or April 1930 produced 
seedlings at the same time (spring 1931). It therefore becomes obvious 
that only one cold period is essential for the development of seedlings of 
most Viburnum species but it is also shown that the cold period must be 
preceded by a warm period in order to be effective. 

High temperature. Experiments were conducted to work out the most 
effective length of high temperature for seedling production. Seeds of V. 


FIGURE 2. (A) V. acerifolium. The effect of various planting times during summer on 
seedling production the following spring. Left to right: Planted April rst, June rst, Sep- 
tember 15th, 1936. (B) The effect of storage on seedling production of V. acerifolium planted 
May 1, 1930. Left to right: Room temperature cleaned, in pulp; 5° C. cleaned, in pulp. 


acerifolium, V. dentatum, V. dilatatum, V. prunifolium, and V. opulus 
were planted in flats every month during the summer of 1936, starting 
with April 1. The flats were wintered in board-covered and mulched 
frames and in a greenhouse of 21° C. Table III shows that seeds of V. 
acerifolium produced up to 4o and 55 per cent seedlings after one winter 
when planted in April or May. Seedling production decreased rapidly for 
plantings in June and later, with none at all for the plantings in Septem- 
ber (Fig. 2A). 

The effective length of exposure to warm temperature followed by a 
cold period varied for the species of Viburnum and confirmed the results 
from germination tests in moist peat moss at controlled temperatures. 
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The response of V. prunifolium to high temperature was somewhat 
similar to that of V’. acerifolium, with 33 per cent seedling production for 
the May planting, and scarcely any for the ones later than May. The 
July plantings of seeds of V. dilatatum still gave 77 per cent and of V. 
dentatum 32 per cent seedling production. August plantings of V. opulus 
showed a percentage of 62. The flats kept at 21° C. for the duration of 
the experiment showed occasional weak seedlings. 


TABLE IV 


EFFECT OF PRE-TREATMENT OF GERMINATED SEEDS OF VIBURNUM ACERIFOLIUM AT VARIOUS 
Low TEMPERATURES ON SHOOT PRODUCTION IN THE GREENHOUSE. CROP 1932 


ele a ees Per cent shoot production after months in the greenhouse 
(about 21° C.) 
Lemp: °C. Months One I Hog 2 Dem 3 
I ° ° ° 5 6 9(7)* 
1.5 ° 3 4 A 9(5) 
3 2 I 3 4 4 
225 3 4 7 
3 I 2 4 
4 16 
I fo) I 4 Te 12 
RS ° me 35 42 40 
5 2 ° 29 49 
225 13 61 61 
3 6 49 51 
4 51 
I ° 9 23 30 35(20) 
as ° 9 a7 33(7) 
10 2 I 1 31 31(2) 
2.5 3 25 36 40 
3 34 60 67(6) 
4 v7 81(2) 
I ° 2 9 13 19 
ae ° 7 13 13 
15 2 5 9 uy 19 
25 4 fi 8 
3 7 13 
4 13 
None ° ° ° I I 2(2) 


* Numbers in parentheses indicate seedlings above soil but with seed coats attached. 


Low temperature. To determine the optimum length of time at low 
temperatures and also the optimum low temperature needed to overcome 
the epicotyl dormancy typical for most species of Viburnum, seeds of V. 
acerifolium, V. dentatum, V. dilatatum, V. prunifolium, and V. opulus, 
pre-germinated in peat at 20° to 30° C. daily alternation, were planted in 
pots and kept in rooms of 3°, 5°, 10°, and 15° C., as well as in a greenhouse 
of 214° C. Series of pots were transferred from the various rooms to the 
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greenhouse every half month. The optimum cold treatment for | 


", acer4. 
folium was two and one-half months at 5° C., with 61 per cent shoot de- 
velopment and four months at 10° C. with 81 per cent (Table IV and Fig. 


25 


CONTROL 


2 MONTHS | 
5°c ROOM 


CONTROL 2 


4 MONTHS 
10°c ROOM 


MONTHS 


FIGURE 3. V. acerifolium. The effect of low tem] 


erature pre-treatment 
of germinated seeds on shoot dev elopment at 21° ( 


Shoot development was very poor for the cultures 3° Br gees 
and practically failed in the greenhouse. Figure 3 shows excellent shoot 
development after two and three months ate G 


>, after three and four 


ater 
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months at ro° C., and poor results from 15° C. Removing the outer seed 
coat was without effect or in some cases slightly injurious to shoot de- 
velopment of V. acerifolium. 

Comparable treatments for breaking epicotyl dormancy were con- 
ducted using germinated seeds of V. dentatum, V. dilatatum, V. opulus, 
and V. prunifolium. Their behavior was similar to that of V. acerifolium, 
except that the effective range of low temperatures and the length of the 
exposure time for optimum results varied. V. acerifolium showed greatest 
epicotyl dormancy. Only 5° and 1o° C. gave good results (Fig. 4 A). V. 
dentatum gave 53 per cent shoot production after only one-half month at 
5° C., and 69 per cent after one-half month at 10° C. Up to 85 per cent 
was obtained after two and one-half months at 10° C. Three degrees C., 
as well as 15° C., was inferior, but the entire range of low temperatures 
used was effective. Seeds of V. dentatum would produce up to 41 per cent 
seedlings in the greenhouse without any cold pre-treatment, but such 
seedlings were always poorly developed. 

V. dilatatum (Fig. 4 B) showed 94 and or per cent seedling production 
after three months at 5° C., and after four months at 10° C. Three degrees 
C. was less favorable. Fifteen degrees C. gave very poor results; the 
greenhouse of 21° C. none at all. 

V. opulus and V. prunifolium (Fig. 4 C) were less dormant than the 
species previously described. While 5° and 10° C. were slightly superior, 
good shoot development was also obtained from 3° and 15° C. Seedlings 
up to 19 per cent for V. opulus and up to 31 per cent for V. prunifolium 
occurred in the greenhouse of 21° C. without low temperature pre-treat- 
ment but here again seedlings were poorly developed. 

V. lentago, V. pubescens, and V. rufidulum responded in the same way 
as the dormant types already discussed. 

The two southern species, V. nudum and V. scabrellum, did not show 
any epicotyl dormancy. When seeds were planted in flats and kept at a 
high temperature seedlings came up in one to one and one-half months. 
When seeds were planted in flats in greenhouses of various temperatures 
seedlings grew somewhat more slowly in the cooler houses. At tempera- 
tures above 21° C. and when flats were alternated between 18° and 26° C. 
seedlings damped off easily. 

The high percentages obtained throughout the epicotyl dormancy 
tests were due to the fact that only germinated seeds were used. 

Effect of storage. In the preliminary tests described in Table II and for 
the flat plantings that were made every month throughout the summer 
(Table III), seeds that had been stored cleaned and in pulp at room tem- 
perature and at 5° C. were used. The seeds stored in pulp were cleaned be- 
fore planting. Table III shows that storage at room temperature was in- 
ferior to storage at 5° C. for V. acerifolium but this effect was not evident 
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for the other species. There was some indication that seeds stored i 

pulp at room temperature deteriorated more rapidly than those leased 
before storage. This effect also was most obvious for V. acerifolium. Plant- 
ings in May (Fig. 2 B) gave 23 per cent seedling production for seeds 


CONTROL 5°c 
3 MONTHS 


CONTROL §°¢ 


3 MONTHS 


CONTROL 
1.5 MONTHS 


Ficure 4. The effect of low temperature on shoot development of Viburnum 
species. (A) V. acerifolium. (B) V. dilatatum. (C) V. prunifolium. 


stored cleaned, 9 per cent when kept in pulp, both stored at room tem pera- 
ture. Seedling production of seeds stored cleaned atc AS 


5 - Was 55 per cent, 
kept in pulp at 5° C. 42 per cent. These effects of storage were inc idental 
I puly 5 I g 


to the work on seedling production of the genus Viburnum. Whether 
lower seedling production from seeds stored in pulp at room temperature 
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was actually a loss in vitality is a question. It could easily have resulted 
from injury of the seed coat during the process of cleaning the dry pulp 
from the seeds. These fruits had to be rubbed for a long time before the 
hardened pulp was removed. In the case of fruits stored at 5° C., except 
V. dentatum the pulp of which was dry when the seeds were received, the 
pulp would remain moist and could easily be removed. This difficulty in 
cleaning dried pulp from seeds might account for the apparent loss of 
vitality of V. dentatum stored in dried pulp at 5° C. (Table III). 


SUMMARY 


Viburnum species, except southern forms, required constant tempera- 
ture of 20° C. or a daily alternating temperature of 20° to 30° C. for root 
production (germination) followed by a low temperature pre-treatment 
for shoot production (seedling production). The rate of germination and 
the effective temperature range varied for different Viburnum species. V. 
acerifolium, V.dentatum, and V. rufidulum germinated only within a nar- 
row temperature range (20° C. constant, and 10° to 30° C. and 20° to 
30° C. daily alternations) and required from 12 to 17 months for comple- 
tion of germination. V. dilatatum and V. prunifolium responded to the 
same temperatures but required a shorter time for completion of germina- 
tion (six to eight months). V. lentago, V. nudum, V. opulus, and V. sca- 
brellum not only germinated more quickly but were less specific in their 
temperature requirements. 

Seeds of the forms studied, except V. nudum and V. scabrellum, 
planted in flats in the fall and placed in open, mulched, or board-covered 
cold frames, produced seedlings only after the second winter. Similarly 
treated spring plantings, however, gave a good seedling crop after one 
winter. 

Seeds of various Viburnum species, pre-germinated in moist peat moss 
at 20° to 30° C. daily alternation, were planted in pots and kept at various 
low temperatures and in the greenhouse of 21° C. Results of these tests 
showed the efficacy of low temperature treatment of germinated seeds, 
since prompt and complete appearance of healthy shoots followed the 
transfer of pots from low temperatures to a greenhouse at 21° C. Control 
pots left in the greenhouse for the entire period showed occasional weak 
shoot production. 

Storage for seven months at 5° C. was more favorable for the retention 
of vitality of V. acerifolium seeds than storage at room temperature espe- 
cially if the seeds were stored in pulp. 

Failure of the shoot to emerge and grow at high temperatures is 
thought to be due to mechanical restriction and partial dormancy. 

Seeds of V. nudum and V. scabrellum offer no problem in seedling pro- 
duction. However, V. acerifolium, V. dentatum, V. dilatatum, V. lentago, 
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V. opulus, V. prunifolium, and V. rufidulum must have a warm period 
for germination and root development followed by a cold period to force 
epicotyl development. These conditions are easily obtained on a com- , | 
mercial scale in regions with the general temperature of Yonkers, New 
York, by spring or early summer plantings outside. Seedlings will appear 
after one winter. 
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SOME FACTORS AFFECTING GERMINATION 
AND GROWTH OF GENTIAN 


JOHANNA GIERSBACH 


INTRODUCTION 


The growth of gentian plants from seeds has interested garden lovers, 
nurserymen, and scientists for many years. The problems encountered 
concern both germination and the further development of the seedlings. 
Although numerous reports of observations on or experiments with this 
genus have appeared in the literature from time to time, they have been 
short, and in no case has an investigation been consistently carried 
through the stages from germination to flowering of gentian plants. The 
effect of low temperatures and light on germination have been studied. 
Kinzel (8, 9, to) emphasized the effect of light and freezing on germina- 
tion. According to him, seeds which had been frozen dry or in the seed 
bed germinated in warm temperature. He mentioned Gentiana acaulis as 
one of the hardest to germinate. Doerfel (5) found one or more periods at 
o° or 5° C. helpful. Norton (16) reported that best seedling production was 
obtained when fresh seeds were planted in the fall. However, seeds could 
be stored over winter in a cool place and keep their vitality. Nearing (13) 
sowed the seeds in November and kept them outside in a protected place. 

According to Abbey (1) a constant supply of moisture is important. 
In places where this supply was lacking he found fringed gentians growing 
with low grasses. Bailey and Bailey say in their “Hortus” (3, p. 272): 
“Gentians require good drainage with plenty of moisture.’’ Numerous 
other short articles have been published emphasizing the importance of 
the moisture relation in gentian culture. 

The best type of soil for gentians has been the subject of several experi- 
ments. Norton (16) suggested filling the pots with one inch of gravel, two 
inches of sand, two inches of good garden soil baked to destroy weed seeds, 
and two inches of baked garden soil mixed with pulverized moss. Hedden 
(7) sifted sphagnum moss and mixed it with soil. Millard (12) suggested 
leaf mold without lime and rich in iron. Amsler (2) found that lime and 
acidity were incidental as long as good drainage was provided. Matschat 
(zr) used sifted soil from places where gentians were growing, thinking a 
possible symbiotic relationship with soil organisms helpful to the develop- 
ment of gentian plants. Other workers have also thought of the latter 
possibility. Costantin and Magrou (4) found fungal associations for Gen- 
tiana cihata and G. bararica. Weiss (17) did not observe any mycorrhizal 
fungus in the seed coat of several gentian species, including Gentiana 
acaulis, nor did he find it in the roots of gentians. He mentioned the ab- 
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sence of root hairs. He believed that while roots of gentians in their natural 
habitat frequently contained endotrophic fungi, the latter were not needed 
for the development of the plant. Weiss planted seeds in boxes and win- 
tered them outside with successful germination in spring. While Neumann 
(14) discovered a mycorrhizal fungus in the roots of some of the gentians, 
she could not find any in the roots of G. acaulis. 

The present paper deals with some of the factors affecting germina- 
tion, seedling production, and seedling development of three species of 
gentian. A preliminary report of storage effects on seeds of the fringed 
gentian is also given. 


MATERIAL AND METHODS 


The seeds of Gentiana crinita Froel. were obtained through the cour- 
tesy of Dr. G. F. Norton, Norwich, New York. Those of Gentiana andrew- 
sti Griseb. were partly collected by Mr. Frederick M. Holbrook, White 
Plains, New York, and partly collected at the Boyce Thompson Arbore- 
tum. The seeds of Gentiana acaulis L. came from Hilchenbach, Westfalen, 
Germany. 

The germination of seeds was tested on moist filter paper in petri 
dishes in electrically-controlled ovens and at room temperature. Tests for 
seedling production were made with various kinds of soil in the green- 
house with and without pre-treatment in cold rooms. 


RESULTS 
GENTIANA CRINITA 


Germination. Seeds were placed on moist filter paper in petri dishes at 
a daily alternating temperature of 15° to 30° C., with 8 hours at 30° and 
16 hours at 15° C., with and without preceding periods of various lengths 
at constant temperatures of —10°, 1°, 5°, and 10° C. and a daily alterna- 
tion of —10° to 5° C. Samples were removed from the low temperature 
and placed at 15° to 30° C. daily alternation every month over a period 
of four months. According to the results shown in Table I, 1° C. was best 
for pre-treatment, and one month was as effective as longer periods. Ger- 
mination at 15° to 30° C, daily alternation when preceded by a period at 
10° C., the data of which are not given in this table, was much inferior to 
either 1° or 5° C. When freezing or freezing and thawing preceded 15° to 
30° C. daily alternation, germination was very poor. This confirms Doer- 
fel’s findings (5) that not freezing but low temperatures were essential for 
after-ripening certain gentian seeds. Daily alternation of 15° to 30° C. 
without previous low temperature treatment gave only 2 per cent germi- 
nation. 

Seedling production. Seeds were planted in pots on top of a soil mixture 
of sand, leaf mold, sod soil, and clay in equal parts, watered from below, 
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and kept in a greenhouse of 21° C. with and without preceding periods of 
two, three, and four months at constant temperatures of — 10° C., 3° C., 
and 5° C. and a weekly alternation of —ro° to 5° C. One inch of gravel 
was placed in the bottom of each pot for good drainage. In the greenhouse 
the pots were covered with a glass plate to prevent the surface of the soil 
from drying out. When the pots were left for two months at 3° or s° C. 
good seedling production resulted when they were transferred to the 
greenhouse (Table I and Fig. 1, top row). If pre-treatment of seeds 
planted in soil was continued for longer than two months, 3° C. was pref- 
erable to 5° C. since deterioration of the seeds took place after three or 
four months at the latter temperature with a subsequent falling-off in 


TABLE I 


EFFECT OF Low TEMPERATURE PRE-TREATMENT ON GERMINATION OF GENTIANA CRINITA 
AT 15 TO 30 C. DaiLy ALTERNATION AND ON SEEDLING PRODUCTION IN 
THE GREENHOUSE 


% germination at 15° to 30° C. or seedling production in 


Germ. Pre-treatment, the greenhouse after months at low temperature 
temp. temp. 
None I 2 3 4 
‘a 3 3 4 
rte 30° CI —10 to 5 daily ¢ I5 17 II 
s eas ‘| alternation 
alternation 3° 36 29 38 
5 23 1G 15 24 
None 2 a a ee, a 
/ ————_— 
—= © = 6 4 FS 
—t1oto 5 weekly — 8 8 I 
Teeantaice | alternation 
3 = 32 a2 27 
5 == aL 18 19 
None 2 — = aes ae 


seedling production. Freezing and alternating freezing and thawing were 
unfavorable. One month at 1o° C. had no effect on seedling production at 
21° C., while fair results were obtained after two months at 10° C. The 
data of these results are not given in this paper. 

Seedling development. One of the principal problems encountered in 
raising gentian from seed is that of successfully growing the young seed- 
lings. Pure sand as well as a number of different soil mixtures were tested 
here. Some seedlings failed to become established regardless of the soil 
mixture, so that after a time there was a decrease in the number of plants. 
This decrease was much more marked in the unfavorable soils (Fig. 1, 
bottom row). In mixture A containing sand, leaf mold, and clay, the 
number of seedlings was reduced from 43 to 37 per cent in three and one- 
half months. In mixture B composed of sand, sod soil, and clay, the per- 
centage dropped from sr to 11 in the same time. In a mixture of sand, sod 
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soil, and leaf mold (C), seedlings were reduced in number from 64 to 47 
per cent. For soil made up of sand, sod soil, leaf mold, and clay in equal 
parts (D), the number of seedlings decreased from 33 to 29 per cent. Leaf 
mold was an essential part of a soil mixture good for the growth of fringed 
gentians, perhaps because of its water-holding capacity. Seedlings de- 
veloped most rapidly and with a healthy dark green color when moss 
was growing around them. On all soils containing leaf mold, moss also 
grew best. In pure sand the surface dried out too easily to be effective. 


months on seedling production in the greenhouse. (A) —10° C.; (B) 3° C.; (C) 5° C.; (D) 
—10° to 5° C. weekly alternation; (E) no pre-treatment. Bottom row: The eftect of soil 
mixture on seedling development. (A) Sand, leaf mold, and clay; (B) sand, sod soil, and 
clay; (C) sand, leaf mold, and sod soil; (D) sand, sod soil, leaf mold, and clay. 


F1IGURE 1. Gentiana crinita. Top row: Effect of low temperature pre-treatment for 2 


After the development of four to six leaves, as shown in Figure 1, bottom 
row, seedlings could be planted in individual pots in a richer soil, during 
which process care was taken not to disturb the roots unnecessarily. The 
best time for doing this was in May. This gave the seedlings a chance to 
grow into strong plants before fall. With the beginning of cold weather 
the leaves died back and the seedlings remained dormant until the follow- 
ing spring. 

In order to determine whether a cold period was needed for normal 
growth and flower bud development during the second summer, seedling 
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plants were placed in greenhouses of 7° C. and of 214° C. Every month 
from December ist, 1936 to March tst, 1937, plants were transferred 
from 7° C. to 21° C. Seedlings were measured each month from February 
to June. The lengths are reported in centimeters in Table II. Seedlings 
with two or three months of cold grew more rapidly and taller than the 
ones with one or four months at 7° C. However, they bloomed at the 
same time (May rsth). Most of the seedlings kept at 21° C. for the entire 
duration of the experiment died. The few surviving ones grew normally 
at first, but later developed slowly and acquired a stunted appearance 
which was still evident on June 15th. At that time the plants with two 
and three months of cold treatment were well developed and full of flower 
buds. Those with two months of cold were in full bloom. Those given one 


TABLESIL 


EFFECT OF A CoLD PERIOD ON SEEDLING DEVELOPMENT OF GENTIANA CRINITA. SEEDLINGS 
WERE BROUGHT INTO UNHEATED GREENHOUSE ON APRIL 15, 1937. SAMPLES OF 
8 SEEDLINGS EAcH WERE USED 


Average size of seedlings in cm. 


Month ificial li 
om oie ral 6 ar C, 21° C.+artificial light 
aire Date of measuring 7 


Feb.|Mar.| Apr.|May|June|Feb.|Mar.|Apr.) May |June |Feb.|/Mar.)Apr.| May | June 
I I Teepe Tema eT I I 10s 15 I I I 15 1s 


Constant] 1 | 1.6] 3.9 |10.6/16.6 


I Aare see Set toma 2s 8 mes Able WuOr7| 2 es aurea) 
z 4 SPO E2.O\GO9t | 35" mile ol OL vl2orO|sce4 dau 
aq B01 Si aivono |sOn0 

*4 Bird aeO\n 23 ens 

None Desa ses el aes | 2 eee IN ON MOMON MOS 2ireh ats 


* Blooming. 


and four months of cold were slightly retarded. The seedlings kept at 
7° C. all winter developed like normal plants outside to be ready to 
bloom in the fall. Figure 2 shows the seedlings with various treatments as 
they appeared in February, April, and June. Here temperature effects on 
development are clearly shown. 

Artificial light supplied by soo-watt Mazda lamps for four hours, in 
the course of each 24 hours, chiefly at night as a supplement to daylight, 
combined with 21° C., increased the height of the plants regardless of 
their temperature pre-treatment (Table II). The effect of the extra light 
was especially notable in the case of plants which received no cold treat- 
ment, bringing them into flower in May instead of June. However, the 
mortality of these seedlings was high. 

Storage. Seeds of the 1935 crop were stored open and sealed in air and 
in a partial vacuum at room temperature and at 5° C. Germination of 
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the stored seeds was tested on moist filter paper at 15° to 30° C. daily 
alternation with a preceding period of two months at 1° C. Table III shows 
that germination decreased to one per cent for seeds stored open at 5° C. 
for six months while those stored open at room temperature gave 22 per 
cent germination. There was some decrease of germination for all other 
storage conditions. Practically no germination occurred at 15° to 30° C. 
daily alternation without preceding low temperature from seeds of any 
storage condition. After one year of open storage both at room tempera- 


TABLE III 


EFFECT OF VARIOUS STORAGE CONDITIONS ON GERMINATION OF GENTIANA CRINITA AT 
15 TO 30 C. Dairy ALTERNATION AND ON SEEDLING PRODUCTION IN THE GREENHOUSE 


% germination at 15° to 30° C. or seed- 
ling production in the greenhouse after 
: Storage months of storage 
Germ. temp. 
None 6 12 
Temp. Condition a b a b a b 
Open ° 22 fo) 
Room Sealed air ° 18 I 7 
Vacuum fo) 28 I 32 
Ts to 30 0C. 
daily Open ° I fo) ° 
alternation | 5° C. Sealed air | 9 27 I 31 
Vacuum ° 18 ° 20 
Fresh seeds 2 36 
Open ) 17 I I 
Room Sealed air ° Dg’ 2 8 
Vacuum ° 28 14 56 
Greenhouse Open — fo) 2 I 2 
5 & Sealed air I ime) sie) 34 
| Vacuum I 26 3 42 
| Fresh seeds 2 31 


a= Without low temperature pre-treatment. P 
b=15° to 30° C. daily alternation after two months at 1° C., greenhouse after two 
months at 3° C. 


ture and 5° C. seeds had lost their vitality. Germination of seeds stored 
sealed in air at room temperature had dropped to 7 per cent, while seeds 
stored in the same condition at 5° C. showed only a slight decrease in 
germination compared with the data from fresh seeds. Sealing seeds in a 
vacuum was especially effective when stored at room temperature. The 
seeds under such conditions maintained complete germinating power for 
12 months as against an 80 per cent loss of vitality for seeds sealed in air 
at the same temperature. When the storage temperature was favorable 
for the retention of vitality, the vacuum had no effect up to 12 months of 
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storage. Results of the soil plantings confirmed those of the filter paper 
tests. It will be noted, however (Table III), in the case of soil tests that 
an apparent after-ripening in dry storage has taken place after 12 months, 
since up to 14 per cent seedling production was obtained without low 
temperature pre-treatment. This effect was not shown in the filter paper 
cultures, thus indicating that soil is a better medium than filter paper for 
the germination of untreated seeds. For pre-treated seeds, however, the 


TABLE 1V 


EFFECT OF VARIOUS STORAGE CONDITIONS ON GERMINATION OF GENTIANA CRINITA AT 
15° TO 30° C. DAILY ALTERNATION AND ON SEEDLING PRODUCTION IN THE GREENHOUSE. 


Crop 1936 
% germination at 15° to 30° C., or seedling 
production in the greenhouse after months 
Cerne Storage of storage 
temp. 5 i 0 3 4 
Temp. Condition a>} Ba ae ol at ae Pa Baie ch gee ait Bb 
Open o | 68 o | 82 1 | 61 2| 65 
Air o | 68 a 1 8o 2 G6 o | 50 
Room | Sealed { Vac. o | 66 o| 74 I} 63 o |} 53 
N o | 67 o| 69] o| 74 o | 62 
Les toon G: 
daily Open o |} 61 o}| 62} o| 62] o| 40 
alternation eC Air Oulco7 o | 56 I | 69 6 | 36 
: Sealed { Vac. Ely Or o | 76 o | 66 o | 43 
N ro ey dy o | 64 a o | 58 
Fresh seeds o | 79 
Open : 8 | 55 | 16 | 8x | 22 | sx 8 | 51 
Air tO | 571 :24:) 74) 26) So) 21 38 
Room | Sealed ; Vac. r6 | 73 | tr | 86] 22 | 63 8 | 39 
N 29 | 63 9 | 82] 40 | 68 5 | 64 
Greenhouse — : | ——-} —— - 
Open ; TS | 69.) 26 Foal soo ee 2| 47 
Air 20 | 62 |] 10 | 78 | 20 | 68 a4) S28 
cG, Sealed 4 Vac. Tr | 4x | 22 1=7She Oo wees eo 
N G | Es jets | 7 Sy} TG. | Gal 2s 
Fresh seeds 5] 07 


a= Without low temperature pre-treatment. 


b=15° to 30° C, daily alternation after two months at 1° C., greenhouse after two 
months at 3° C. 


medium is not so important. Table IV shows the results of storage tests 
of the 1936 crop where seeds were stored open and sealed with air, with 
nitrogen, and in a partial vacuum. Germination was tested as for seeds 
of the 1935 crop, except that 5° C. was used in addition to 1° C. for pre- 
treatment for the oven tests. Since 5° C. proved slightly inferior to 1° C. 
as an after-ripening temperature, these data are not included in the 
table. It will be noted that fresh seeds of this crop gave higher germina- 
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tion percentages than those of the 1935 crop (79 and 36 per cent re- 
spectively). Vitality tests of stored seeds of the 1936 crop made after one, 
two, three, and four months indicated that there was practically no loss 
in germinating power under any of the conditions tried with the possible 
exception of a slight loss under some conditions at the four-month period. 
Neither fresh nor stored seeds germinated without pre-treatment at low 
temperature. 

Again, the soil plantings confirmed the results of the filter paper tests, 
with the exception of the germination of seeds without cold pre-treatment. 
The superiority of soil over filter paper as a medium is shown in this less 
dormant seed crop where fresh as well as stored seeds produced some 
seedlings without low temperature pre-treatment (Table IV). 


GENTIANA ANDREWSII 
Germination. Nichols (15) reported that seeds of Gentiana andrewsii 
germinated up to 49 per cent when exposed to 83 days of cold. 


TABLE V 
EFFECT OF Low TEMPERATURE ON GERMINATION OF GENTIANA ANDREWSII 


% germination on moist filter paper after months at low temperature 
Pre- 
treatment I 2 3 4 
a b a b a b a b 
—10 to 5* ° ° 9 Ba 28 34 48 64 
Eto To* 16 8 55 65 71 88 79 81 
I 24 26 58 69 63 53 71 75 
5 9 8 19 57 16 40 48 57 
10 2 3 24 38 34 50 26 45 
15 ° ° 16 ° 2 I ° 


a=15° to 30° C. daily alternation. 
b=Room temperature in light. 
* Daily alternation. 


In the present paper experiments are described where seeds of this 
species were placed on moist filter paper in petri dishes at 15° to 30° C. 
daily alternation and in light at room temperature. Seeds were also kept 
at constant temperatures of 1°, 5°, 10°, and 15° C. and at daily alternat- 
ing temperatures of —10° to 5° C. and r° to 10° C, Samples were trans- 
ferred monthly from these low temperatures to 15° to 30° C. and to room 
temperature in the light for a period of four months. Slightly higher per- 
centages were obtained in practically all cases where room temperature 
coupled with light was used for germination (Table V). This was a favor- 
able light effect since similar seeds kept in the dark at room temperature 
showed less germination. Seeds germinated at room temperature in light 
with 26 per cent after one month and with 75 per cent after four months 
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at 1° C. One month at 5° and 10° C. gave very poor germination, but 57 
and 50 per cent occurred when two months at 5° C. or three months at 
10° C. preceded high temperature. Freezing (—10° C.) to 5° C. was as 
effective as 5° C. and 10° C. when applied for four months. Such treat- 
ment resulted in 48 per cent germination at 15° to 30° C. daily alternation 
and 64 per cent in light at room temperature. A daily alternation of 1° 
to 10° C. resulted in 88 per cent germination when the cultures were 
transferred to light at room temperature. Pre-treatment at 15° C. proved 


TABLE V1 


EFFECT OF VARIOUS Low TEMPERATURES AND OF VARIOUS SOILS ON SEEDLING PRODUCTION 
oF GENTIANA ANDREWSII IN THE GREENHOUSE 


% seedling production after two weeks 
Pre-treatment in the greenhouse 
Soil mixture 
Low temp., Monthe 

C. a b c 
I II 41 58 

74 37 42 62 

3 3 20 15 22 
4 6 15 40 

I 57 81 71 

2 59 36 45 

5 3 25 16 50 
4 25 17 38 

I 41 51 68 

10 2 53 61 59 
3 40 49 43 

4 3G 31 40 
None 58* 60* 56* 


a=Sand, leaf mold, and clay in equal parts. 

b=Sand, sod soil, and clay in equal parts. 

c=Sand, leaf mold, clay, and sod soil in equal parts. 

* Majority of seedlings damped off as soon as they appeared above ground. 


ineffective. Germination failed completely at 15° to 30° C. daily alterna- 
tion and was very poor in light at room temperature without low temper- 
ature pre-treatment. 

Gassner (6) reported that seeds of some gentians that were light-sensi- 
tive could be stimulated by nitrates. As seeds of Gentiana andrewsti re- 
sponded to light, seed samples of this species treated with 0.05 M and 
0.005 M solutions of KNOs3 were compared with samples treated with tap 
and distilled water. Seeds were placed on filter paper soaked in various 
solutions and kept at 15° to 30° C. daily alternation and at room tempera- 
ture in light and dark. In the latter case black petri dishes were used. 
Treated samples were also placed at 1°, 5°, and 10° C. for one and two 
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months and transferred from these to 15° to 30° C. daily alternation for 
germination. Results of these tests indicated that KNO; in the concen- 
trations used was not effective in replacing either the need for light or 
the low temperature required for germination. Soaking seeds in these 
solutions for 24 hours before planting in soil was also ineffective. 

Seedling production. Seeds were planted in three-inch pots on top of 
three different soil mixtures, containing (A) sand, leaf mold, and clay, (B) 
sand, sod soil, and clay, and (C) sand, leaf mold, clay, and sod soil in 
equal parts. The pots were kept in a greenhouse of 21° C. or in rooms at 
3°, 5°, and 10° C. Pots were transferred from the cold temperatures to 
21° C. after one, two, three, and four months. One month at 5° C. resulted 
in 57, 81, and 71 per cent seedling production in the greenhouse (Table 
V1). A period longer than one month at 5° C. reduced seedling production 
considerably. This unfavorable effect was most marked for soil B which 
contained no leaf mold. Seeds tended to decay when left too long in the 
cold. Samples with one month at 3° and 1o° C. produced seedlings as high 
as 58 per cent for 3° C. and 68 per cent for 10° C. Seeds in pots at 21° C. 
without preceding low temperature germinated up to 60 per cent. How- 
ever, the majority of these seedlings damped off as soon as they came up, 
whereas seeds pre-treated in a cold room produced healthy plants. 

Seedling development. The effect of temperature on the development of 
the seedlings was also studied for Gentiana andrewsi1. Tests similar to 
those with Gentiana crinita were carried out. Unlike the latter, G. andrewsti 
seedlings do not die back in the fall since the plants are perennials. Cold 
treatment effects on seedling development during the second winter gave 
results similar to those for fringed gentian as regards flower bud develop- 
ment. However, the growth of the entire plant was different. Previous to 
April, plants with some cold treatment grew faster than the ones kept at 
21° C. constantly. After April, growth of cold-treated plants became more 
and more stunted and only terminal flower clusters formed. The plants 
with a complete winter kept on growing like normal plants outdoors. 


GENTIANA ACAULIS 


Germination. Seeds were placed on moist filter paper at 3°, 5°, and 10° 
for one, two, and three months, after which period they were transferred 
to 15° to 30° C. daily alternation. Samples were also kept at 15° to 30° C. 
without low temperature pre-treatment. Table VII shows that one month 
at 1°, 5°, or 10° C. was not sufficient to bring about germination. Germi- 
nation occurred after two and three months at 1° C. (36 and 16 per cent). 
Five degrees C. proved inferior to 1° C., and ro° C. was without effect. 
No germination was obtained at 15° to 30° C. without cold pre-treatment. 

Seedling production. Table VII gives the data obtained from plant- 
ings in pots on top of soil. The pots were kept in a greenhouse at 21° C. 
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and in cold rooms at 3°, 5°, and ro° C. and transferred to 21° C. for seed- 
ling production. One month of cold gave very poor seedling production, 
4 per cent was obtained after two months, and 39 per cent after three 
months at 3° C.; two and three months at 5° C. gave only 23 and 17 per 
cent; and again 10° C. proved ineffective. No seedlings occurred in pots 
without cold treatment. It was found that for good growth, the seedlings 
of Gentiana acaulis should not be kept as wet as the fringed and closed 


gentians. 
TABLE VII 


EFFEct oF Low TEMPERATURE ON GERMINATION AND ON SEEDLING 
PRODUCTION OF GENTIANA ACAULIS 


Pre % germination at 15° to 30° C. or seedling production 
Germ. ee, in the greenhouse after months at low temp. 
temp. ° : 
I 2 es 
Han tormon ce I ) 36 16 
daily 5 ° 7 13 
alternation ie) ° ° ° 
2 3 5 41 39 
Greenhouse 5 2 23 17 
10 I ) ° 
SUMMARY 


1. Seeds of Gentiana crinita failed to germinate or germinated poorly 
when tested on moist filter paper at a daily alternating temperature of 
15° to 30° C. Poor seedling production also resulted when seeds were 
planted on top of soil and placed in a greenhouse at 21° C. Pre-treatment 
in a moist medium for two months at 1° or 3° C., however, was effective 
in bringing about growth under the above conditions. 

Further growth and development of the seedlings depended upon the 
kind of soil and the temperature. The best soil used was composed of 
equal parts of sand, sod soil, leaf mold, and clay with a one-inch layer of 
gravel at the bottom of each pot for good drainage. The leaf mold was 
found to be an essential constituent regardless of the mixture used. Pure 
sand permitted no growth. For normal seedling development, a cold 
period of two or three months preceding the second summer was needed. 

The vitality of Gentiana crinita seeds was determined after storage 
under various conditions. Seeds stored in open containers at room tem- 
perature and 5° C. showed a complete loss of vitality after one year. Seeds 
sealed in air at room temperature had also lost their vitality at this time 
while those sealed in partial vacuum at room temperature and those 
sealed with air and partial vacuum at 5° C. still retained their original 
germination power. 

2, Germination of seeds of Gentiana andrewsii was found to be favored 


1937] GIERSBACH—GERMINATION AND GROWTH OF GENTIAN 103 


by light as well as pre-treatment at low temperatures. Treatments with 
0.05 M and 0.005 M solutions of KNO; had no effect. Seeds of this species 
were not as dormant as those of fringed gentian since many seedlings ap- 
peared without low temperature pre-treatment. 


3. Seeds of Gentiana acaulis proved entirely dependent upon low 


temperature pre-treatment for germination or seedling production. Two 
months at 1° C. or 3° C. was effective. 
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CHANGE IN MINERAL COMPOSITION OF THE TOMATO PLANT 
IRRADIATED WITH A QUARTZ-MERCURY VAPOR LAMP 
AND ITS RELATION TO THE LEVEL AND RATIO 
OF CALCIUM AND PHOSPHORUS IN THE 
NUTRITIVE MEDIUM 


W. D. STEWART AND JOHN M. ARTHUR 


INTRODUCTION 


In a previous paper (6) it was shown that some plants when exposed to 
conditions of reduced light intensity and irradiated under a quartz-mer- 
cury vapor lamp responded with an increase in ash and an increase in 
calcium or phosphorus or both. The wave lengths in the ultra-violet active 
in the production of response by the plant were found to be the same as 
those effective in the prevention and cure of rickets, and in the activa- 
tion of ergosterol—2go00 to 3130 A. Furthermore, cabbage, a plant known 
to be lacking in anti-rachitic properties even after prolonged irradiation, 
failed to show an increase in ash, calcium, or phosphorus upon irradiation. 
Similarity in response of the plant and animal to irradiation in the ultra- 
violet and lack of uniformity of this response, i.e. sometimes increase in 
calcium or phosphorus and other times increases in both constituents, led 
to an investigation of still another possibility of an analogous relation— 
the influence of the Ca/P ratio and the level of calcium and phosphorus 
of the nutritive medium upon the response of the plant to irradiation. 


METHODS 


Culture of plants. Tomato plants (Lycopersicon esculentum Mill. var. 
Bonny Best) were grown in soil in flats until approximately four inches 
in height. They were then removed, the roots well washed, and the plants 
transferred to paraffined corks (bored to hold two plants) placed in paraf- 
fined wooden lids over the culture vessels. The plants were held two days 
in tap water before use in the fractional solutions. McMurtrey’s solutions 
(4) were used and the plants alternated at 24-hour intervals between 
complete minus calcium or phosphorus solutions and single salt solutions 
containing calcium or phosphorus. McMurtrey’s “‘complete minus cal- 
cium” and “complete minus phosphorus” solutions were selected since 
with either element lacking there was no alteration in the concentration 
of the other essential elements, nor did precipitation occur in the prepara- 
tion or use of the solutions. Since Parker (5) has shown that iron combines 
with the phosphate ion and renders it non-diffusible and hence non-avail- 
able for the plant, iron was never added to the single salt solutions used 
as sources of phosphorus. Both the ratio of Ca/P and the level of calcium 


’ ” 


Copyright, 1937, by Boyce Thompson Institute for Plant Research, Inc. 


(105) 


106 CONTRIBUTIONS FROM BoyCE THOMPSON INSTITUTE [VoL. 9 


and phosphorus were varied. Unless otherwise stated the ratio of calcium 
to phosphorus was 245:1 for the 1 p.p.m. phosphorus series, 24.5:1 for 
the ro p.p.m. phosphorus, 2.4:1 for the 100 p.p.m. phosphorus, and 1:65 
for the r p.p.m. calcium, 1:6.5 for the 10 p.p.m. calcium, and 1:0.65 for 
the 100 p.p.m. calcium for all of the carriers of calcium and phosphorus 
used except Ca(H2PO,)s. The plants were grown on the solutions four to 
six weeks before harvesting. 

Irradiation. Exposure of the plants took place under a Cooper Hewitt 
lamp rs inches from the unshielded tube. Four irradiations of 20 or 30 
seconds at 48-hour intervals were given during the last two weeks of the 
experiment and the plants were harvested 72 hours after the last irradia- 
tion. The characteristics of the lamp have been described by Arthur (1). 
At least two of the irradiations were given during periods of low light 
intensity. 

Analyses. All plants were sampled in the afternoon, air-dried, and 
weighed. The tissues were ground in a ‘“‘Nixtamal’’ mill, mixed, and any 
particles of metal removed with a small magnet. The material was placed 
in small weighing bottles and dried overnight at 1too° C. About 0.5 
gram of material was then weighed into tared ashing capsules (combustion 
capsules) and ashed in a combustion tube furnace with oxygen at 450° C. 
for a period of 16 hours (7). Calcium and phosphorus were determined in 
the same manner as described in a previous paper (6). 


RESULTS 


IRRADIATION OF PLANTS GROWN ON SOLUTIONS HAVING 
A LOW RATE OF RENEWAL 


These experiments were performed in the greenhouse. Porcelain pans 
12" 7" 2" were used as culture vessels and the quantity of solution 
limited to one liter per ten plants. A low rate of renewal of nutrient solu- 
tion was used, that is, solutions were renewed at the rate of only 500 cc. 
per day per ten plants. The plants were alternated at 24-hour intervals 
between McMurtrey’s complete minus phosphorus or calcium solutions 
and single salt solutions of different concentrations of the Ca++ or PO,-—~ 
ions. All irradiations were given the last two weeks before sampling. 

For the first test Ca(H2PO,)2 was used as the source of calcium and 
phosphorus and was supplied at concentrations of 1 and too p.p.m. of 
phosphorus or calcium. Forty plants were grown five weeks on each of 
the cultures. One-half of the plants received four exposures of 20 seconds 
under the open arc. The analyses of the plants (stems and leaves) are 
shown in Table I. The analyses of the plants showed no response with 
irradiation when Ca(H»PQO,4)2 was used as a source of calcium—no increase 
in ash, calcium, or phosphorus. Increasing the amount of calcium supplied 
from 1 to roo parts per million increased the percentage ash, calcium, and 


[ 


1937] STEWART & ARTHUR—MERCURY VAPOR LAMP IRRADIATION 107 


phosphorus content of the plants. When Ca(H.PO,). was used as a source 
of phosphorus, only at a concentration of too p.p.m. of phosphorus was 
there an increase in ash upon irradiation and also an increase in phosphorus 
content of the plants. Increasing the amount of phosphorus supplied from 
1 to roo parts per million decreased the ash and calcium percentages but 
increased the percentage of phosphorus. High calcium content of plants 
appeared to be correlated with high calcium to phosphorus ratio of solu- 
tion at this low renewal rate. Plants on solutions low in calcium, normal 
in phosphorus, were low in both ash and calcium, and increasing the 
supply of calcium increased the percentage ash, calcium, and phosphorus. 
Plants on solutions deficient in phosphorus, normal in calcium, had a 
high ash content and increasing the phosphorus in the solution decreased 
the ash and calcium, but increased the phosphorus content of the plants. 


TABLE I 


IRRADIATION OF ToMATO PLANTS; Ca(H2PO4)2 USED AS THE SOURCE OF CALCIUM AND 
PHosPHORUS. RATE OF RENEWAL OF SOLUTION ONE-HALF LITER PER DAY 
PERCENTAGES ON Dry WEIGHT Basis.* SAMPLED MARCH 22, 1934 


% Ash % Ca % POs 
Check Irrad. Check Texads Check Irrad. 


Culture solution 


Complete minus Ca 15.82 15.66 On72 On Wi 3.06 Dt 
I p.p.m. Ca y 10.76 10.61 0.99 in Oy) 2.06 1.99 
100 p.p.m. Ca 13.26 2 2 1.88 Vf) 3.99 3.81 
Epp... P 18.25 18.41 site eee 0.44 Og5t 
100 p.p.m. P he C720 3.96 3.89 2.86 Boo 


i 


* As an aid in grasping the data the more significant increases are italicized in all tables. 


An experiment was made to determine the effect of the salt or com- 
pound used as a carrier of phosphorus or calcium in low concentrations. 
H;PO,, PCI; and Ca(H2PO,). were used as the source of phosphorus and 
CaO, CaCls, and Ca(H2PO,). for calcium. The concentrations were 1 and to 
p.p.m. of calcium or phosphorus. The plants were grown four weeks on the 
solutions, receiving four exposures of one minute, 36 inches from the open 
arc, at 48-hour intervals. Twenty plants were irradiated and 20 served as 
controls for each test. These plants were also grown in the greenhouse and 
sampled for analysis on April 26. In the low phosphorus solutions an in- 
crease in percentage ash upon irradiation was found only in case of H3PO, 
and PCI; at concentrations of to p.p:m. accompanied by an increase in 
percentage calcium. Plants grown in the low calcium solutions showed a 
slight increase in percentage ash upon irradiation in only one salt solution 
—that of Ca(H2PO,)2 at a concentration of 10 p.p.m. This was accom- 
panied by an increase in phosphorus content. In the low phosphorus solu- 
tion series increasing the amount of this element from 1 to ro p.p.m. de- 
creased the ash and calcium but increased the phosphorus content of the 
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plants. In the low calcium solution series increasing the amount of cal- 
cium from 1 to 10 p.p.m. increased the ash and calcium and, in case of 
Ca(H2PO,). solution, the percentage phosphorus of plants. The dry 
weights of plant tissue produced indicate that H;PO, was as good a source 
of phosphorus as Ca(H2PO,)s; some injury to roots was noticed at the 
higher concentration but this was not reflected by any decrease in top 
growth. At the lower concentration PCl; was found to be a good source of 
phosphorus but marked injury to roots resulted at the higher concentra- 
tion. 


IRRADIATION OF TOMATO PLANTS ON SOLUTIONS HAVING 
A HIGH RATE OF RENEWAL 


Plants grown in light cages. Four different intensities were secured by 
the use of cloth cages varying as to mesh; total light energy outside was 
considered as too per cent and measurements with a pyrheliometer 
yielded values of 78 per cent for C I, 58 per cent for C II, and 35 per cent 
for C III of the total energy transmitted. Each cage was approximately 
7 feet high, 12 feet wide, and 60 feet long. 

The containers were 8-liter glazed earthenware pots. The plants were 
alternated at 24-hour intervals between McMurtrey’s complete minus 
phosphorus solutions and solutions of KH.PO, containing 1, 10, and too 
p.p.m. of phosphorus. Forty plants were used for each concentration and 
one-half of these irradiated under the open arc four times for 30 seconds 
at 48-hour intervals the last two weeks before sampling. Solutions were 
changed as frequently as required to give a renewal rate of five liters per 
day per ro plants, and the plants grown for six weeks. Pots outside were 
placed in a pit, the sides of which were covered with burlap to prevent the 
rain from spattering plants with soil. The soil in the cages was covered 
with straw for the same purpose. Despite attempts at insulation of the 
pots outside (wooden lids and straw around the pots) the temperature of 
the solutions on a clear day was sometimes as much as five degrees higher 
than in the cages, the solutions in the cages varying no more than one to 
two degrees Centigrade. 

The dry weight data, Table II A, is of special interest as it shows that 
the check plants when given the maximum amount of phosphorus pro- 
duced more dry weight when shaded in C I and II than those in direct 
sunlight. When shaded still further in C IIT less dry weight was produced. 
Although the plants received three irradiations during periods of cloudy 
weather no apparent injury resulted from the heavy dosage to the plants 
grown outside; in fact there is some evidence of increased dry weight pro- 
duction. In C II and C III, however, the plants were definitely injured by 
irradiation, which was evinced by “‘shine’’ and curling of the leaves as well 
as by decrease in dry weight. This may be seen in Figure r A, B, C, and 
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D. The effect of decreased light intensity in greatly increasing the injury 
of plants to ultra-violet irradiation has been discussed in a previous pub- 
lication (6). Increasing the phosphorus concentration greatly increased the 


dry weight produced. 


TABLE II 
CHECK AND IRRADIATED TOMATO PLANTS GROWN IN CLoTH CAGES, INCREASING AMOUNTS 


OF PHOSPHORUS SUPPLIED AS KH:PO,. RATE OF RENEWAL oF SOLUTION FIVE 
LITERS PER Day. SAMPLED AUGUST 7, 1934 


A. Dry weights of whole plants in grams (to nearest whole numbers) 


I p.p.m. of P 10 p.p.m. of P 100 p.p.m. of P 
Check Irrad. | Check Irrad. | Check Irrad. 

Outside 38 38 71 ss 64 78 

Cage I 43 43 66 67 82 76 

Cage II St 23 HS 64 ST 69 

Cage III 39 31 54 50 62 45 

B. Analyses of leaves. Dry weight basis 
% Ash % Ca % P.O; 

Check Irrad. Check Irrad. | Check Irrad. 

Outside —1r p.p.m. P IAS rr 14. 12 2.06 2008 °. 68 0°. 67 
Cage I —1 p.p.m. P 13.60 14.09 1.80 T.90 0.53 Onis 
Cage II —1 p.p.m. P 13.05 L225 2.03 2.04 0.51 On Se 
Cage III —1 p.p.m. P 14.05 14.38 1.81 2.08 ©.52 0.59 
Outside —10 p.p.m. P 12.86 13.34 2).28 2.42 apie 1.10 
Cage I. —10 p.p.m. P 10.76 Tec, 100) eg iy 2.28 EOS Leer 
Cage II. —10 p.p.m. P OOK 13.90 7) DAwip T.i4 if 6-0) 
Cage III —10 p.p.m. P 270 14.506 2.10 230 1.26 Te Bi 
Outside —100 p.p.m. P 12.49 73.99 2.1L Dells ThoAG ft (02 
Cage I —100 p.p.m. P T2240 14.40 2.02 2.45 Teas 1.66 
Cage II —100 p.p.m. P 12.88 Tag.) 2.03 Be 18S} ye 1.68 
Cage III —100 p.p.m. P ranos 14.47 1.99 Zeon en 77 1.88 

C. Analyses of stems. Dry weight basis 
% Ash % Ca % P.O; 

Check Irrad. Check Irrad. Check. Irrad. 

Outside —1 p.p.m. P 14.20 15.92 ROK 2.0 0.41 0.39 
Cage I —1 p.p.m. P aren) 5.30 eee ih oly 0.42 ©.40 
Cage II —1 p.p.in. P T4 32 13.56 1.69 2.00 0.42 0.30 
Cage III —1 p.p.m. P 16) Ss 16.44 re (05 i. 7A °.40 0.44 
Outside —10 p.p.m. P jek) 14.08 T.50 info 1.08 Teg) 
Cage I —10 p.p.m. P Mare TS 70 ae 2 r.49 I.04 1.09 
Cage II —10 p.p.m. P hy eee 18.28 ay! T.306 T.O1 1.03 
Cage III —10 p.p.m. P 18.49 20.11 1.46 Tene [.04 I.30 
Outside —r100 p.p.m. P 18.05 Tece 5 1.40 Hip Spin I.45 T.00 
Cage I —100 p.p.m. P 16.48 GO. IL 1.39 Tse ee Gir 73 
Cage II —100 p.p.m. P 18.73 20.84 ieee 1.40 153 Tere 
Cage III —100 p.p.m. P 19.08 20.44 1.36 Tee 1.72 1.69 
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FiGure rt. Effect of irradiating tomato plants in solutions of KH.2PO, containing 1, 10, 
and 100 p.p.m. phosphorus, at different light intensities, (A) Grown outside, (B) grown in 
Cage I, (C) in Cage II, and (D) in Cage III. Note the marked injury of irradiation at the 
lower light intensities and lower phosphorus concentrations. 
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Analyses of the leaves for ash, calcium, and phosphorus yielded the 
data in Table II B. Even with a high rate of renewal of solution only two 
groups of plants on the r p.p.m. concentrations of solution showed a slight 
increase in ash with irradiation and this was accompanied by an increase 
in calcium. Leaves of plants in all of the cages on the solutions containing 
10 p.p.m. phosphorus responded to irradiation with increases of ash, cal- 
cium, and phosphorus; the same type of response was had also with leaves 
from all the cages on the solutions of roo p.p.m. concentration of phos- 
phorus. Comparison of the phosphorus contents of the leaves of the plants 
shows increase in phosphorus as the concentration of KH,PO, increases. 
The calcium content of the whole plant was not altered by the increase in 
phosphorus when the phosphorus was supplied as KH.PO, but this ele- 
ment increased slightly with phosphorus concentration in the leaves and 
decreased in the stems. For plants grown on the solutions of 100 p.p.m. 
phosphorus, the phosphorus content was lowest outside and gradually in- 
creased with decrease of light intensity. 

Determinations of ash, calcium, and phosphorus of the stems yielded 
the results given in Table II C. With the 1 p.p.m. concentration of phos- 
phorus, stems of irradiated plants were higher in calcium than those of 
the non-irradiated and in two cases appeared to be higher in ash. At con- 
centrations of 10 p.p.m. of phosphorus the response to irradiation was in- 
crease in ash and calcium for the stems of plants outside and in Cage I, 
increase in ash but no change in calcium or phosphorus in Cage II, and in 
Cage III increase in ash and phosphorus. For concentrations of 100 p.p.m. 
of phosphorus all stems of irradiated plants showed increases of ash and 
phosphorus except Cage III where there was an increase of ash but no 
alteration of calcium or phosphorus content. Here again increase in con- 
centration of phosphorus in the nutrient solution was accompanied by in- 
crease in phosphorus content of the plant. In general, ash and phosphorus 
percentages increased and calcium percentages decreased with increasing 
concentrations of phosphorus. There was a definite increase in ash with de- 
creasing light intensity. This is apparent if the ash figures for each light 
condition be averaged. The values for ash so calculated are: Outside, 11.45; 
Cage I, 11.32; Cage II, 12.59; Cage III, 13.52 for the check plants and 
12.06, 12.50, 13.16, and 14.24 respectively for the irradiated plants. Simi- 
larly it may be calculated that there is some indication of a slight increase 
in phosphorus and a decrease in calcium with decreasing light intensity. A 
summary of correlations of constituents with various factors calculated in 
this way follows: 


With: Dry Weight Ash Ca P.Os 
Decreasing light in- Increase to C II Increase Decrease Increase 
tensity then decrease 
Increasing phos- Pease {Leaves ? fLeaves, increase Tacreace 
phorus concentra- (Stems, increase |Stems, decrease 
tion of nutrient so- 
lution 
Ultra-violet irradia- Decrease Increase Increase Increase 


tion 
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The response of the roots to irradiation was very similar to that of the 
stems in that percentage ash was increased. There were no increases, 
however, of either calcium or phosphorus upon irradiation. The percentage 
phosphorus increased as the concentration of the element was increased in 
the medium but without alteration of the calcium content. Light intensity 
did not seem to affect either calcium, phosphorus, or ash content of the roots. 

In Table III are comparisons of different methods of securing values 
for the estimation of mineral content. Samples were ashed in a muffle at 
650° C. for r6 hours, others were ashed in the tube furnace at 450° C. for 


TABLE Lit 


IRRADIATION OF ToMATO PLANTS GRowN IN CLotH CaGEs. PHospHoRUS AS KH>2POs,. 
SAMPLED AUGUST 7, 1934. COMPARISON OF METHODS FOR EVALUATING MINERAL CONTENT 


Leaves % ash Stems % ash Roots % ash 
Muffle Tube H,SO,]Muffle Tube H:SO,;Muffe Tube H2SO, 
Outside— Cle ||) roro2" 4.1 T6s04 || 10.98" D4.eo, 57.05 8.99 12.48 14.92 
ney Oy OLN Les Ret |) Osa) TA, ny 28 11.78 15.92 19.51 9.60 14.10 15.37 
Cage I— Cke loro sn §L3160" 16.53 |) 1n.gOedg-O7 1 bo.26 8.89 11.47 13.69 
T p.p:in. IBnige || Padiay: fon aa Bo Koy™ nay ari 11.50 15.30 18.89 9.60 I1.42 14.74 
Cage II— Ck. 6.08 12.05 16.30))| 10:0h 14.32 27.0% 8.48 9.97 12.67 
I p.p.m. P lint: Q.O3 12225.) OT 10.03 13.56 16.86 7.85 8.96 12.44 
Cage ITI— (Ck) asus T4056. 79) F325 LOssr coors 8.92 10.96 13.84 
DC p.p.m, P Irth |) 12.34 14.38 18.64 | 23.40 1TG/Ad) 20164 9.62 11.45 15.08 
Outside— Ck. || 10.07 12:86) 16/22 1i.24 13.96 16,36 | roO:s2 12-76 Ts.67 
10 p.p.m. P Ler: || triz0 14.34) 07507 | Ul.7s THOS FS.050 || ee. 7o ta Oeeteeey 
Cage I— Chea 8.82 10.76 13.87 LiOG sive. Keren 7.86 10.24 21,72 
1o p.p.m. P Pitre |) Los7e 13116 16.55 12.62 15.70 18.57 9.47 12.12 14.08 
Cage II— (Gk! toma eraser noe ete ne reese oT O.Or 9.49 10.66 13.18 
10 p.p.m. P Irr. | 12,50 23.90 17.78 | 14-70 18.28 310.74 | 10.69 Ta.95 t4o2 
Cage III— Ge \ rr: Tayo Vrs.OL 14.15 18.49 20.49 9.55 11.40 13.89 
10 p.p.m. P Irn. 12.87 1r4is6 18.62) | Tsao 36.50. 2r.ca4) er0.Gun te ie eee 
Outside— JG, || TO.8r. Bardo, WO.co” | att.Ge.o58 nya 13.44 15.42 17.63 
100 p.p.m. P Itt.) L180 4.09) Toms [4.23 2O.25 20.33 14.10 15.81 17.67 
Cage I— {Ck. | 11.05 12.41 16.20 | 12.98 16.48 48.09 | 12.908 14.17 16.39 
roo ppm. PF ltr | 2267 t4.40 08.03) bs.26° 16,00 astro) rere sO mmorse 
Cage JI— Ck. | 11.65 12,88 17.09 | 14.65 18.73 20.50 | 22:20 13.406 16.05 


1oo p.p.m. P \Irr. | 12.25 13.75 18.60 | 16.29 20.84 21.96 Toho RS. Tawa 


Cage III— {Cea Te: tees yo 16.46 19.08 21.70 | 11.82 14.04 16.70 
100 p.pam. Po ith. |) 14.67 tae To.82 7.18 20.44 23.55 T3.45 14.89 27.56 


Relative average values 
with tube values equal 
to 100 84.9 100 L2 7a 78.1 100 I15.0 84.3 100 =119.9 
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16 hours in the presence of oxygen, and still others were ‘‘wet’’ with H.SO, 
and ashed at 650° C. for 16 hours in the muffle. In a former publication 
(7) the relative merits of the three methods were discussed. As already re- 
ported the values for the muffle determination of ash at the high tempera- 
ture are lower due to loss of volatile inorganic constituents. The higher 
values obtained by ashing with sulphuric acid are due to the partial con- 
version of basic constituents to sulphates with a resulting increase in 
molecular weight. The ash percentages obtained by the use of the tube 
are the most reliable since comparable values may be had from combus- 
tions carried on at widely separated times and ashing by this method pro- 
duces the least change in ash constituents. The differences in percentage 
ash between irradiated and non-irradiated or check plants are at once ap- 
parent whether the muffle, tube, or sulphuric acid methods of ashing are 
followed. 

Potassium was estimated by the cobaltinitrite method (3) upon ashing 
the material with sulphuric acid and ferric sulphate (2). The tabulated 
values of this element obtained for tissues of irradiated and non-irradiated 
plants are omitted. Much experience with this method and a more thor- 
ough acquaintance with its faults have led to the belief that the method is 
unreliable and should not be used. The results indicate strongly the proba- 
bility of increase in potassium content with irradiation and with decreas- 
ing light intensity when phosphorus is supplied as KH»PO, in concentra- 
tions of ro and 100 p.p.m. 

First series of plants grown in greenhouse. An experiment was planned 
to test the influence of the ion carrying phosphorus upon response to irra- 
diation when supplied at the higher rate of renewal for concentrations of 
I, 10, and too p.p.m. of phosphorus. H3;PO,, Ca(H3PO4)e, KHePOu, 
NaH,PO,, and MgHPO, were the salts used as sources of phosphorus. As 
usual the plants were alternated at 24-hour intervals between McMur- 
trey’s complete minus phosphorus solutions and the single salt solutions 
containing phosphorus. The plants grew five weeks on the solutions, re- 
ceiving four irradiations of 30 seconds the last two weeks before sampling. 
Forty plants were used for each concentration; 20 were irradiated and 20 
served as controls. 

The dry weights of leaves and stems are shown in Table IV A and the 
analyses of leaves and stems for ash, calcium, and P.O; in Table IV B and 
C. At this level of supply the growth of the plants as shown by the dry 
weight produced was good even at concentrations of 1 p.p.m. of phospho- 
rus, and the growth was slightly better on H;PQO, solution than on 
Ca(H3;PO,)2 at lowest concentration, but with concentrations of to p.p.m. 
of P as H;PO, the roots of the plants were badly injured and top growth 
very poor; this is in contrast with the excellent growth at the same con- 
centration with the low rate of renewal described above. Growth of the 
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plants on solutions of 10 p.p.m. phosphorus was very similar to that on 
concentrations of 100 p.p.m. of phosphorus for all of the other salts used 
as sources of phosphorus. 

In Table IV B are data from the analyses of the leaves. Response to 


TABLE IV 


CHECK AND IRRADIATED TOMATO PLANTS GROWN IN GREENHOUSE IN SOLUTIONS WITH 
DIFFERENT CARRIERS OF PHOSPHORUS. SAMPLED DECEMBER 8, 1934 


A. Dry weights of leaves and stems in grams (to nearest whole numbers) 


: it Bp OY 0 9% 10 p.p.m. 100 p.p.m. 
Carrier Check Irrad. | Check Irrad. | Check Irrad. 
Phosphorus as H;PO; Pr) 25 2 2 — —_ 
Phosphorus as CaH2PO, 25 21 35 36 38 34 
Phosphorus as KH2,PO, Biv, 26 42 42 41 39 
Phosphorus as NaH,PO, 29 25 43 39 38 35 
Phosphorus as MgHPO, — — 38 34 = = 
B. Analyses of leaves. Dry weight basis 
% Ash Yi Ca % P.O; 

Check Irrad. Check Irrad. | Check Irrad. 
1 p.p.m. P! as NaH2,PO, BOMIGe Bese TO7, EPL 0.84 T.GF 
1 p.p.m. P as H3;PO, DOnO7 = 27.70 °.96 [52 0.83 I.04 
1 p.p.m. P as KH,PO, 20.18 19.80 1.03 1.14 0.80 0.63 
T.p.p.m, Ps.as Ca(HsPO,)s EOQn5On 2eOs 1.02 1.08 0.67 0.77 
to p.p.m. P as NaH2PO, P5<98"  F7UOL pede: 2-. 30 2.02 ESD ie; 
1o p.p.m. P as MgHPO, 15.090 F0072 2:79 2.090 2.00 2.10 
10 p.p.m. P as KH2PO,4 4.50 17250 BOS 2.44 ihe 2.05 
Io p.p.m. P as Ca(H2PO,)s TONel | L507 2.28 aa ey ie 1.97 
100 p.p.m. P as NaH2PO, 14.43 TOs 2.906 2.40 2.47 2.72 
too p.p.m. P as KH2PO, L4f-3e — 20.70 2.35 2.36 2.43 2.70 
100 p.p.m. P as Ca(H2PO,)2 16. 7O. PEsA8S 2.42 2.74 2.70 2.68 
Entire plant 10 p.p.m. P. as L507 16.31 Anais 4.16 i. 5% 1.56 
H;PO, 

C. Analyses of stems. Dry weight basis 
% Ash % Ca % POs 

Check Irrad. | Check Irrad. | Check Irrad. 
1 p.p.m. P as NaH.PO, 23,00 23,86 2.523 a. i7 C1275 0.397 
I p.p.m. P as KH,PO, OPEL fas dear PORE By 2.40 2.38 0.403 ©.419 
I p.p.m. P as Ca(H2PO,)s 24.74 25.10 25.23 2.15 ©.337 0.348 
1 p.p.m. P as H;PO, 24508 Pears 2.22 2.53 ©.419 0.413 ; 
1o p.p.m. P as NaH,PO, Ho0SQ — SOnyrs 2.25 2.07 1.54 1.65 
10 p.p.m. P as KH,PO, 24.96 20.92 2.00 2.9 1.59 ie Se 
to p.p.m. P as Ca(H2PQ,), 24.02 ~ (20,90 2.47 2,35 ra 1.58 
to p.p.m. P_ as MgHPO, 24.29 24.56 2.16 apes 1.50 LBs 
too p.p.m. P as NaH,PO, REO, emule 207 205 2.24 ON 
100 p.p.m. P as KH,PO, DESEO 20.28 1.82 1.86 Sal 2.22 


too p.p.m. P as Ca(H2PO,4), 26.37 26.66 2.28 2.54 Decee DO 
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irradiation occurredeven at concentrations of t p.p.m. of phosphorus at this 
level of supply, and the response was increase in ash (IKH.PO, excepted) 
and increase in calcium and phosphorus except for plants on Ca(HsPOu,)o 
where the increase in ash, as usual for low concentrations of phosphorus 
as Ca(H2PQOx,)o, was accompanied by an increase in phosphorus. 

At concentrations of 10 p.p.m. of phosphorus, irradiation resulted in 
increase in ash, except for Ca(H2PQOu,)o, and this was associated with in- 
crease in calcium and phosphorus. At concentrations of too p.p.m. of 
phosphorus there was an increase in ash with irradiation for plants on 
NaH2PO; and KH2PO, but none for those on the Ca(H2POx,)s, with the cus- 
tomary tendency toward greater increase of phosphorus than of calcium; 
and with the Ca(H2POx,). the shift to increase in calcium with no change 
in phosphorus. Also to be noted is the decrease in ash and increase in 
phosphorus and calcium that occurred as the concentration of phosphorus 
was raised from 1 to 19 p.p.m. 

The results from the analyses of the stems in Table IV C did not yield 
evidence of any effect of irradiation on composition of this tissue other 
than a slight increase in ash of the irradiated plants. Phosphorus content 
increased with increase in concentration of this element; calcium content 
was not affected by the increase in phosphorus content for any of the car- 
riers of phosphorus except KH.PO,. Increase in phosphorus was associated 
here with a slight decrease in calcium content. Ash content of the stems 
increased as the concentration of phosphorus was raised from 1 to 10 
p.p.m., but further increase in concentration to roo p.p.m. did not raise 
the level of ash content except for the Ca(H2PO,)s. 

Second series of plants grown in greenhouse. In the next series of tests 
to be described McMurtrey’s complete minus phosphorus solutions were 
used diluted to one-half the usual concentration. Such dilutions contained 
122 p.p.m. of calcium. The single salt solutions used as sources of phos- 
phorus were NaH2,PO., KH2PO,., and Ca(H2PO,)2 at concentrations of 
1.22, 12.2, and 122 p.p.m. of phosphorus. Hence the ratios of calcium to 
phosphorus were 1too:1 for the 1.22 p.p.m., 10:1 for the 12.2 p.p.m., and 
1:1 for the 122 p.p.m. of phosphorus. As with the previous tests, the plants 
were alternated at 24-hour intervals between the complete minus phos- 
phorus solutions and the single salt solutions serving as the source of 
phosphorus. Forty plants were grown for each condition; 20 received four 
irradiations of 30 seconds 15 inches from the open arc given at 48-hour in- 
tervals the last two weeks before sampling, and 20 remained untreated. 
The plants were grown four weeks before sampling. 

Values for the dry weights of leaves and stems per 20 plants are given 
in Table V A. Plants receiving NaH2,PO, attained maximum dry weight 
production on the concentration of 122 p.p.m. of phosphorus but those on 
the solutions of KH,PO, and Ca(H2PO,)2 reached their maxima at the 
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12.2 p.p.m. level, although the differences in dry weights at concentrations 
of 12.2 and 122 p.p.m. were slight in all three cases. The minimum dry 
weight was obtained at the concentrations of 1.22 p.p.m. for all three salts 


TABLE V 


CHECK AND IRRADIATED TOMATO PLANTS GROWN IN GREENHOUSE. SECOND TEST. 
SAMPLED FEBRUARY 18, 1935 


A. Dry weights of leaves and stems in grams (to nearest whole numbers) 


: 1.22, p.p.m. 12.2 p.p.m. 122.0 p.p.m. 
Carrier Check Irrad. Check Irrad. Check Irrad. 
Phosphorus as NaH)PO, 23 23 30 31 40 33 
Phosphorus as KH»PO, 30 21 41 40 40 34 
Phosphorus as Ca(H»PO,)2 20 26 56 53 47 46 


B. Analyses of leaves. Dry weight basis 


% Ash 7-Ea % P20 

Check Irrad. | Check Irrad. | Check Irrad. 
1.22 p.p.m. P as NaHePO, 10.47 14.83 1.84 Reson o.41 0.58 
1.22 p.p.m. P as KH.PO, Ur ioten a whetew do, Peg 2.57 o-45 0.63 
1.22 p.p.m. P as Ca(H2PO,)s E251 14.80 2.05 2.48 ©.46 0.54 
12.2 p.p.m. Pas NaH2,PO, TOG eo 2.16 2.55 544 F<50) 
12.2 p.p.m. Pas KH.PO, ES ala eae o) 2.18 2.54 i52 1.65 
12.2 p.p.m. P as Ca(H2PO,)2 TA7oy dees 2.54 2750 1.68 1.74 
122.0 p.p.m. P as NaH2PO, TAC malian 7 2.0% 2.392 I.Q1 2.04 
122.0 p.p.m. Pas KH2PO, Done | MMi d coed 2.25 2.58 F..05 2.06 
122.0 p.p.m. P as Ca(H2POs)2 Canta,  TArOF a .0% 2.85 I.90 2.22 

C. Analyses of stems. Dry weight basis 

a % Ash % Ca % P,O; 

Check Irrad. | Check Irrad. | Check Irrad. 
1.22 p.p.m. Pas NaH.PO, Teese Mma 2.03 2.73 0.390 0.42 
1.22 p.p.m. Pas KH2,PO, Ths Tea a5 1.86 2.20 0.38 0.46 
1.22 p.p.m. P as Ca(H2PO,.)» Legon | PARE 2.07 2.18 0.36 0.37 
12.2 p.p.m. Pas NaH,PO, Ay A se aL) 1.90 2.04 1.16 1.18 
12.2 p.p.m. Pas KH,PO, TO127%  IO.IG r.05 1.92 1.36 L.32 
12,2 p.p.m. Pas Ca(H2PO,)s 19.608 19.27 2.14 2.14 1.46 rm 52 
122.0 p.p.m. P as NaH,PO, 16.44 TO. a fe 1.67 v5 1.79 
122.0 p.p.m. P as KH,PO, 18,64. 20.273 TAOy 1.80 i. 73 1.75 
122.0 p.p.m. P as Ca(H2PQ,)2 16.47 10.71 2.12 2.48 1.76 2.06 


of phosphorus. The poorest source of phosphorus as indicated by dry 
weight production was NaH,PQO,, and the best was Ca(H ,PO,4)s. 

In Table V B the analyses of the leaves are given. Increase in ash oc- 
curred at all concentrations of phosphorus for plants on the solutions of 
NaH »PO, and KH.2PO, with irradiation, and this increase was accompanied 
by increase of calcium and phosphorus. Irradiation of the plants on 
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Ca(H2PO,4)2 resulted in increase in ash, calcium, and phosphorus at con- 
centrations of 1.22 and 122 p.p.m. of P, but irradiation of the plants on 
the solutions containing 12.2 p.p.m. of phosphorus did not alter the ash, 
calcium, or phosphorus content of the leaves. Phosphorus content of 
leaves increased as the concentration of phosphorus was raised, and con- 
tent of calcium increased slightly. Upon increasing the concentration of 
phosphorus from 1.22 to 12.2 p.p.m. the ash content of control plants in- 
creased, but further increase in concentration of phosphorus gave a de- 
crease of ash or else no change. This trend was not apparent in the irradi- 
ated plants. Ash content was low at all concentrations of phosphorus as 
NaH2POug, slightly higher for KH:PO,, and highest for the Ca(H2POy,)o. 

Table V C shows the results from the analyses of the stems. Irradiated 
stems were higher in ash and calcium than the untreated at 1.22 p.p.m. 
of phosphorus for all three of the salts used. At 12.2 p.p.m. of phosphorus 
only the NaH,PO,-plants showed an increase in ash and calcium. Ash, cal- 
cium, and phosphorus content of stems of plants on the KH,PO, and 
Ca(H2PO,)o salt solutions remained unaltered by irradiation at this con- 
centration. At concentrations of 122 p.p.m. of phosphorus the NaH.,PO,- 
plants failed to respond to irradiation but the plants on KH.PO, showed 
increase in ash and calcium and those on the Ca(H2PQO,4)» increase in ash, 
calcium, and phosphorus. Here again raising the concentration of phos- 
phorus from 1.22 to 12.2 p.p.m. resulted in an increase in ash content of 
control plants, and further increase to 122 p.p.m. was associated with a 
decrease. Phosphorus content of the stems increased as the concentration 
of the carrier was increased, and the calcium content was unchanged ex- 
cept for the NaH2,PO, group, the calcium content of which appeared to 
decrease as the phosphorus increased. 

In order to conserve space, tabular data from analyses of the roots are 
omitted. The content of ash, calcium, and phosphorus was not altered by 
irradiation at concentrations of 1.22 and 12.2 p.p.m. of phosphorus. At 
the 122 p.p.m. level a decrease in ash was noticed for the NaH,PO, and 
the KH.PO, and also a decrease in phosphorus. Phosphorus content of the 
roots increased as the concentration was raised in the solutions but the 
calcium contents were not changed. 


DISCUSSION OF RESULTS 


It has already been shown that not all plants respond to irradiation, 
and that several factors condition the presence or absence of response 
(6). Level of light intensity at which plants were grown preceding irradia- 
tion was the most important of these. Unless the plants were grown under 
conditions of reduced light intensity or exposed for a period of 24 to 48 
hours at low light intensity preceding irradiation no increase in ash, cal- 
cium, or phosphorus of the plant resulted from such irradiation under the 
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quartz-mercury vapor lamp. Results from some of the previous tests indi- 
cated that nutritional factors affected the response. The rdle of calcium 
and phosphorus as related to the response of the tomato plant to irradia- 
tion is the object of the experiments described in this paper. 

The nutritional factors governing the response of the plant to irradia- 
tion are difficult to separate because of the reciprocal relationships existing 
between certain of the ions. McMurtrey’s ‘‘complete minus calcium” and 
“complete minus phosphorus” solutions were found to be exceptionally 
well adapted for fractional solution studies and hence excellent for study- 
ing the réle of calcium and phosphorus in the response of the tomato plant 
to irradiation. The advantage of these solutions is that either calcium or 
phosphorus may be omitted without changing either the ratio or the con- 
centration of the other essential elements. 

The level of supply of calcium or phosphorus in the nutritive media of 
the plant, as with the animal, is more important than the ratio of calcium 
to phosphorus in determining response to irradiation. If either calcium or 
phosphorus is omitted from the nutrient solution, or if the level of supply 
is low, irradiation of the plant fails to produce increase in ash, calcium, or 
phosphorus contents of such plants. However, on raising the level of supply 
of either calcium or phosphorus (higher rate of solution renewal), with the 
same ratio of calcium to phosphorus, irradiation of the plant results in an 
increase of ash and calcium, or phosphorus, or both. With a high ratio of 
calcium to phosphorus and a low level of supply of phosphorus the re- 
sponse to irradiation is increase in ash and calcium instead of increase in 
ash and phosphorus; with a reverse in ratio and with calcium deficient the 
response is increase in ash and phosphorus. As the ratio of calcium to 
phosphorus decreases, with high rate of renewal, increase in phosphorus 
becomes more evident on irradiation and increase in calcium less frequent. 
Interpretation is difficult, however, since in these cases reciprocal relations 
between calcium and the carriers of phosphorus (Na, K, Mg) may be re- 
sponsible for depression of calcium as these ions tend to repress absorption 
of calcium. This does not preclude the alternative explanation that in- 
crease in phosphorus supply lowers calcium absorption (Table I). With a 
low level of supply of phosphorus and a high ratio of calcium to phos- 
phorus in the nutrient solution the content of calcium of the plant is high 
and that of phosphorus low; increase in concentration of phosphorus 
raises the content of phosphorus in the plant and lowers the content of 
calcium. If calcium is the deficient element the phosphorus content is high 
and increase in calcium lowers the phosphorus content of the plant and 
raises the calcium. But this reciprocal relationship is not so apparent 
where the level of supply is high. 

With a low level of supply of phosphorus (Table I) tomato plants grown 
on phosphorus-deficient solutions were higher in ash, and raising the con- 
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centration of phosphorus increased the content of phosphorus of the plant 
but lowered the ash content. Phosphorus content of tomato plants in- 
creased as the concentration of the element was raised in the solution. 
Parker (5) has already demonstrated this for corn and soybean. The cal- 
cium content of the tomato plant also increases with increase of the ele- 
ment in the nutrient solution. 

An average of all of the values given in Table II for each constituent 
shows that dry weight increases with shading down to a certain value, 
increases also with increasing phosphorus concentration of solution, but 
decreases with ultra-violet irradiation when plants are shaded. Ash in- 
creases with shading in the whole plant and with phosphorus concentra- 
tion (only in stems) and also increases with irradiation. Calcium in plants 
decreases with shading, increases in leaves with increasing phosphorus 
concentration of solution, but decreases in stems. Calcium increases with 
irradiation. Phosphorus in plants increases with shading, with phosphorus 
concentration of solution, and with irradiation. These plants were grown 
during the summer so that light intensity was much higher outside than 
in the greenhouse where those plants represented in Table I were grown 
and sampled during March. Probably only in Cage III, Table II, were the 
light intensities at all comparable with the level of intensity available 
during the tests in March. 

At a concentration of 1 p.p.m., phosphoric acid was as good a source 
of phosphorus as the salts of phosphoric acid. The tomato plant was not 
injured by this concentration of the hydrogen ion but injury was observed 
at concentrations of ro p.p.m. at the higher level of supply. With the low 
level of supply only slight injury to the roots occurred. Apparently the 
hydrogen or hydroxyl ions are satisfactory carriers of nutritive ions for 
this plant. 

SUMMARY 


Tomato plants were grown outside, in the greenhouse, and under shad- 
ing cloth on fractional solution cultures. The plants were alternated at 
24-hour intervals between McMurtrey’s “complete minus phosphorus or 
calcium”’ solutions and single salt solutions containing calcium or phospho- 
rus or both. Rate of supply of calcium and phosphorus and ratio of cal- 
cium to phosphorus were varied. The plants were grown four to six weeks 
on these solutions and their response to irradiation under a quartz-mer- 
cury vapor lamp as reflected by change in ash, phosphorus, and calcium 
content observed. Results from the data are summarized. 

rt. Plants grown on solutions lacking calcium or phosphorus showed no 
increase in ash, calcium, or phosphorus on irradiation. 

2. Level of supply of calcium or phosphorus and not ratio of calcium 
to phosphorus, determines presence or absence of response to irradiation. 
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Without altering the ratio of calcium to phosphorus (high ratios) presence 
or absence of response was secured by controlling the rate of solution re- 
newal. 

3. Plants grown on solutions deficient in phosphorus (low renewal 
rate) were high in ash, Increase in the concentration of phosphorus of the 
solution lowered the ash content. 

4. Decreasing light intensity during the summer increased dry weight, 
ash, and phosphorus content but decreased calcium. 

5. On solutions deficient in phosphorus (high ratio of calcium to phos- 
phorus) the response to irradiation was increase in ash and calcium whereas 
on solutions deficient in calcium (high phosphorus-low calcium) the re- 
sponse was increase in ash and phosphorus. With intermediate values for 
ratios of calcium to phosphorus the response was increase in ash, calcium, 
and phosphorus. 

6. A reciprocal relationship between calcium and phosphorus was ob- 
served. 

7. Phosphoric acid at concentrations of 1 p.p.m. was an excellent 
source of phosphorus for the tomato plant. 
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BIONOMICS OF THE PLUM AND PEACH LEAFHOPPER, 
MACROPSIS TRIMACULATA 


ALBERT HARTZELL 


The plum and peach leafhopper, Macropsis trimaculata (Fitch), is one 
of the most serious insects affecting the peach (Prunus persica [L.] Stokes) 
in northeastern United States and in southern Canada. Through its feeding 
activities it transmits peach yellows (14) and little peach (17, 21) two very 
important diseases of the peach throughout the areas in which they are 
endemic. It also transmits yellows (20) and little peach from cultivated 
plums (Prunus salicina and Prunus simonii) to peach. The relation of this 
insect to peach yellows has been discussed by the writer in previous pub- 
lications (10, 11, 12). The present paper will be restricted therefore to a 
description of the insect, of which the early stages are here described and 
illustrated for the first time, and especially to the life history and habits 
of this unusual species of leafhopper. In spite of the fact that this species 
was described nearly a century ago, very little was known of its life his- 
tory when this investigation was begun. The lack of knowledge was no 
doubt due to the fact that the species was overlooked except by persons 
interested in taxonomy. This neglect was due at least in part to its pecu- 
liar habits of concealment and also to the fact that except in favored locali- 
ties it is somewhat rare. 

The habits of Macropsis trimaculata in many ways resemble those of a 
treehopper. The adults when disturbed are rarely seen to fly nor do the 
nymphs hop. In place of feeding on the leaves as in the usual habit of leaf- 
hoppers, this species feeds on twigs and is seldom observed on the leaves. 
Furthermore while its chief visible damage is done indirectly to peach by 
transmitting yellows, it occurs in greatest numbers on plum and is found 
only sparingly on peach. The symptoms of yellows on plum are masked and 
therefore until recently have been overlooked. The double host relation- 
ship has suggested to the writer that an appropriate common name for 
Macropsis trimaculata would be the plum and peach leafhopper, which 
name was proposed in a previous publication (10). The unusual habits of 
this insect as stated above and the specific conditions required for its 
development have made the study of this species difficult. Except for a 
species of spider feeding on a nymph, no natural enemies were observed. 

The work! has extended over a number of years and was done in con- 
junction with the study of the transmission of peach yellows. While certain 


1 The writer is indebted to T. F. Manns of the Delaware Agricultural Experiment Sta- 
tion for cooperation in this investigation, and to Albert Miller of Cornell University, for 
assistance in some of the experimental work. 
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details of the life history need further investigation, it is believed that the 
essential features of the bionomics of this species are as stated here. 

The plum and peach leafhopper was first described in 1851 by Fitch 
(6), under the scientific name Pediopsis trimaculatus. Since then the insect 
has been redescribed under several scientific names by various authors, but 
is now designated as Macropsis trimaculata (Fitch). Breakey (3) has pub- 
lished recently a review of the genus Macropsis. For the taxonomic litera- 
ture prior to the above named review, the reader is referred to Van Duzee’s 
Catalogue of Hemiptera of America north of Mexico (35). As the species 
is variable both as to size and color markings, it is possible that future 
taxonomic study may change the present conception regarding its status. 


DISTRIBUTION 


Macropsis trimaculata is widely distributed throughout the Transi- 
tional and Upper Austral life zones in eastern North America. The species 
has been reported from the provinces of Quebec (28, 34, 35) and Ontario 
(9), Canada, and in the United States from Maine (25), New York (16, 
24, 32, 33), Pennsylvania (36), Michigan (31), Iowa (23, 27), Kansas (31), 
and Colorado (1). The insect is known to occur also in Connecticut (4), 
New Jersey (14), Delaware, Maryland (20), Virginia (29), Ohio (3, 26), 
Indiana (15), and Illinois (20). It is difficult in reviewing the literature to 
determine in every instance whether a given locality record refers to this 
species or to a closely related species. The writer has followed the classifica- 
tion as given in Van Duzee’s Catalogue of Hemiptera (35). 

A survey made by T. F. Manns and M. M. Manns (20) beyond the 
climatic range of peach and Japanese plum in Minnesota and North 
Dakota showed no Macropsis trimaculata on wild plum. This led them to 
conclude that the species was introduced probably on Japanese or Chinese 
plums, and has not reached as yet the outer limit of the range of wild 
plum, since it has been reported from Ontario and Quebec, areas almost 
as severe in climate. The writer (ro) has called attention to the fact that 
the range of this species is not coextensive with Prunus americana Marsh., 
its principal wild host. Its southern range corresponds with the southern 
limit of peach yellows, although Prunus americana extends much farther 
southward. So far as is known Macropsis trimaculata is confined to North 
America, although this does not exclude the possibility that a careful 
study of the leafhoppers of eastern Asia may show the species to be 
Oriental in origin, 

HOST PLANTS 


Extensive surveys made by the writer in Connecticut, New York, New 
Jersey, Pennsylvania, and Delaware show that Macropsis trimaculata 
lives principally on plum. Prunus americana is its chief wild host, although 
it has been reported from Prunus angustifolia, Prunus munsoniana (18, 
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1g), and Prunus pissardt (4). The writer (10) has previously called atten- 
tion to the positive correlation of Macropsis trimaculata to Prunus ameri- 
cana and the incidence of yellows in peach orchards adjacent to woodland. 
According to Manns (20) it prefers Japanese and Chinese plums (Prunus 
salicina and P. simonii), especially such varieties as Abundance, Red 
June, Chalco, Chabot, Satsuma, and Santa Rosa. It also occurs on Prunus 
domestica in considerable numbers. It was first reported on peach in 1927, 
from Virginia (29). Kunkel (14) found it more numerous on peach than on 
plum in the fore part of summer in the vicinity of Yonkers, New York. 
Late in the season he reports that the reverse is true. When adults, col- 
lected July 1 from Prunus americana, in the present investigation were 
given their choice of feeding on wild plum or on peach twigs, 60 per cent 
preferred peach twigs. On the other hand the mortality of nymphs reared 
on peach twigs was found to be considerably higher than on plum. There 
is a record from grape by LaHue (15). The insect was collected on apricot 
(Prunus armeniaca L.), July 24, 1937, by the writer at Lebanon, Pennsyl- 
vania. 
DESCRIPTION OF THE INSECT 

Adult. The adults? of Macropsis trimaculata are of a dull reddish-brown 
color (Fig. 1 A, B). The males are usually darker and somewhat smaller 
than the females. The markings are rather indistinct, but well marked 
specimens have three transparent white spots in a row on each elytron. 
The average length of the females is 5 mm. compared with 4.5 mm. for 
the males. 

Egg. The eggs are very small and difficult to find as they are laid prin- 
cipally in slits beneath the outer bark of plum trees and to a limited extent 
on peach (Fig. 1 C, D). The egg (Fig. 1 E) is pearly white, oval, elongate, 
slightly curved, tapered and rounded at both ends. Length 0.66 mm. 

Nymph. The nymphs (Fig. 2) are reddish-brown, robust with broad 
abdomen lifted into a sharp crest, each segment of which ends in a tooth. 

First instar. Robust body with short transverse head. Abdomen lifted 
into sharp crest, each segment ending in a tooth that projects posteriorly. 
Color reddish-brown, marked with fulvous vitta, fuscopunctate. Pronotum 
and scutellum fulvous. A broad fulvous vitta on the dorsal median line of the 
abdomen. A narrower fulvous vitta on either side of the abdomen begin- 
ning with the second segment and extending posteriorly to the lateral 
margin of the seventh and eighth tergites. Face and clypeus dark brown. 
Legs fulvous to dark brown. Abdomen salmon-colored beneath. Genital 
pieces infuscated. Length 2 mm. 

Second instar. Color dark brown to black. Head, pronotum, and scu- 
tellum brown. A broad fulvous vitta contiguous to scutellum and a second 


2 For technical description of adult see Breakey (3, p. 828-829). 
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FiGuRE 1. Plum and peach leafhopper, Macropsis trimaculata. (A) Adult female, X18. 
(B) Adult male, X18. (C) Female ovipositing, 3.5. (D) Egg scars, X3.5. (E) Egg, <7. 
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FiGcure 2. Nymphal stages of the plum and peach leafhopper, Macropsis trimaculata, 
<7. (A) First instar. (B) Second instar. (C) Third instar. (D) Fourth instar. (E) Fifth 
instar. 
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just caudad to it. Abdomen dark brown to black, lighter beneath. Lateral 
markings more distinct than in first instar. Dorsal markings distinct in 
the sixth and seventh segments but less distinct or wanting in other seg- 
ments. Face and clypeus dark brown. Legs yellow striped with black. 
Genital pieces dark brown to black. Length 2.75 mm. 

Third instar. Body more robust than in the first and second instars. 
Color markings resembling second instar. Wing pads appear as lateral 
buds extending to the posterior margin of the first abdominal segment. 
Length 3 mm. 

Fourth instar. General ground color black. Markings resembling second 
and third instars. Dorsal surface of head, pronotum and scutellum densely 
clothed with short gray hairs. Ventral surface of abdomen salmon-colored. 
Genital pieces fuscous. Legs yellow striped with black, pubescent. Wing 
pads extend to the posterior margin of the second abdominal segment. 
Length 3.5 mm. 

Fifth instar. General body color reddish-brown. Eyes pink. Lateral 
markings of abdomen indistinct. Distinct white dorsal markings on the 
sixth and seventh tergites. Dorsal surface of head fulvous. Basal angles of 
scutellum black. Wing pads yellow, extending to middle of the third ab- 
dominal segment. Face dark brown. Clypeus and beneath yellow. Thoracic 
pleurites black. Legs yellow striped with black. Ventral surface of abdo- 
men salmon-colored. Genital pieces infuscated. Seventh, eighth, and ninth 
tergites fulvous at crest with black tooth-like projections. Length 4 mm, 


LIFE HISTORY 
METHODS 


In order to devise satisfactory methods for rearing this insect, consid- 
erable time was spent in perfecting means for keeping it under observation 
for a sufficient length of time to determine its bionomics. When this work 
was begun little was known of the life history of this species principally 
due to the fact that the insect had been overlooked because of its peculiar 
habits of concealment. 

The most satisfactory method of collecting the nymphs was by brush- 
ing them from the twig with a moistened camel's hair brush into shell vials. 
Adults were collected (Fig. 3 A, B) and transferred by means of a pneu- 
matic insect collector (13). This apparatus was found to be unsatisfactory 
for transferring the nymphs because of the difficulty experienced in dis- 
lodging them from the cheesecloth screen. 

In order to determine the length of the nymphal instars, newly hatched 
nymphs were placed in glass vials (3 in. X 1/2 in.) containing twigs of 
peach or plum two inches in length. The leaf blades were removed, leaving 
the petioles intact. A nymph was placed in each vial. Examinations were 
made daily for molts and the exuviae removed. The twigs were replaced 
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FiGuRE 3. Apparatus and methods. (A) Collecting living adults of Macropsis tri- 
maculata by means of a pneumatic insect catcher, from wild plum trees. (B) Modified 
Kunkel insect catcher, with pipe-stem mouthpiece. In center, tube into which insects are 
transferred. (C) Cellophane-cheesecloth cage for enveloping small tree. (D) Cage for con- 
fining leafhoppers to a twig or a leaf-petiole. Made of pillbox with cellophane top and cheese- 
cloth bottom. Notches in rim to permit entrance of twig or leaf-petiole. 
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with fresh ones every other day. The vials were corked, inverted, and kept 
in a vertical position by placing them in a wire basket. Since the nymphs 
and adults are negatively geotropic they have a tendency to ascend the sides 
of the vial and wedge themselves between the cork and the glass sides. 
By inverting the tubes this difficulty is overcome. This method was used 
in making life history studies of the insect under constant temperature 
conditions. (For general description of temperature control see 30, p. 14.) 
Living adults and nymphs similarly placed in vials could be transported 
without injury by automobile for a distance of 75 miles or more. 

For rearing insects in the greenhouse or in an out-of-door shelter, a 
number of. different kinds of cages were used depending upon the object 
to be attained. In caging one-year-old plum or peach seedlings, lantern 
globe cages with the tops covered with fine wire screen (50 meshes per 
linear inch) were found satisfactory. The trees were in 4-inch pots resting 
on glass plates. When potted trees four or five years old were used, cages 
sufficiently large to accommodate two to four trees were employed. These 
cages were tightly constructed with wooden frames and floors. The sides 
were made of panes of glass while the ends and tops were covered with wire 
screen (50 meshes per linear inch). The greenhouse in which these cages 
were located was shaded by coating the glass with white paint. The tem- 
perature in the greenhouse ranged from 70° to go° F. In the out-of-door 
shelter the temperature averaged about 10° F. lower during the growing 
season than the greenhouse temperatures. 

Cages made by cementing together strips of cheesecloth and cello- 
phane (Fig. 3 C) were employed in confining insects to branches or to the 
tops of small trees. For confining insects to individual twigs or leaves pill 
boxes with cellophane tops, cheesecloth bottoms, and with notches in the 
rims (Fig. 3 D) to permit the entrance of the twig or the leaf, were em- 
ployed. 

LONGEVITY OF ADULTS 

The number of days the adults were kept in captivity ranged from 11 
to 51 in the experiments under greenhouse conditions. The average for 
34 observations was 25 days. The latest record was September rr. 

The earliest date that adults were observed in the field at Yonkers, 
New York, was June 15, the latest was August 17. Adults were collected 
in the Transitional life zone in Connecticut as late as August 25. The ratio 
of males to females captured in June and the first week in July was 7:3 
while for the latter part of the season the ratio was 5:09. 

OVIPOSITION 
The period of oviposition of this species is believed to be relatively long 


as indicated by the longevity of the adults and the time between the ap- 
pearance of the first and last nymph. Fertile females were captured as 
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late as August 15. Females dissected on July 30 showed 20 to 25 developed 
eggs. 
INCUBATION PERIOD 

The winter is passed in the egg stage. Freshly-laid eggs fail to hatch 
until they have received a pre-treatment at low temperature. Under field 
conditions at Yonkers, New York, the egg period extends from the middle 
of July to May of the next year. On April 28, 1937, twigs of Prunus 
americana, Prunus angustifolia Marsh., and Red June plum from Delaware 
infested with eggs of Macropsis trimaculata were placed with the cut ends 
in water in the greenhouse at Yonkers, New York. Nymphs hatched from 
May ro to 19 from eggs that had been deposited in these twigs. Twigs from 
this series placed in 12-inch test tubes in ovens at constant temperatures 
of 15°, 20°, and 25° C. failed to hatch any nymphs. Daily alternating tem- 
peratures of 15° C. for 16 hours and 20° or 25° C. for 8 hours also failed to 
hatch nymphs. The eggs also failed to hatch when twigs were placed on 
moist granulated peat moss. When twigs of Prunus americana from local 
trees infested with eggs were placed in flasks with the cut ends in water in 
ovens at constant temperatures of 15°, 20°, and 25° C., nymphs hatched on 
June 3. In the above experiments no attempt was made to control the 
humidity. In another experiment, however, no nymphs hatched from plum 
twigs infested with eggs kept constantly at room temperature in atmos- 
pheres of various relative humidities ranging from no moisture to about 
go per cent humidity. 

The earliest dates that newly hatched nymphs of this species were ob- 
served in the field at Yonkers, New York, during the last five seasons are 
as follows: June 8, 1933, May 28, 1934, May 30, 1935, May 25, 1936, May 
26, 1937. The last nymphs were collected in the field June 21, 1934, June 
24, 1935, June 16, 1936, and June 23, 1937. 


LENGTH OF NYMPHAL PERIOD 


The duration of the nymphal period varies greatly depending upon 
temperature conditions. In an attempt to rear the nymphs at constant 
temperatures of 5°, 10°, 15°, 20°, and 25° C., the nymphal period was com- 
pleted only at 20° C. At this temperature the nymphal period was 
greatly prolonged although the insect was able to pass through its five 
instars and become adult. Under field conditions the first instar varied 
from one to five days, the second instar from three to six days, the third 
instar from four to seven days, the fourth instar from six to eight days, 
and the fifth instar from seven to nine days. Thus the total nymphal period 
for soo individuals observed under field conditions showed a minimum of 
21 days and a maximum of 35 days. It will be noted in Table I that at a 
constant temperature of 20° C. the minimum period was 38 days while the 
maximum was 74 days with an average of 52.9 days. Under field conditions 
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the length in days of the nymphal instars is thus approximately one-half 
that given in Table I. Apparently a constant temperature at 20° C. while 
capable of supporting life is unfavorable for development. Alternating 
temperatures of greenhouse and field are more favorable for development. 
In this connection it is interesting to note a parallelism in these results 
with those obtained by Giersbach (8) in the germination of seeds of Vibur- 
num. She found also that a temperature of 20° C. was the only constant 
temperature at which the seed would germinate although a low percentage 
germination was obtained, while optimum germination was obtained with 
alternating temperatures of 16 hours at 20° and 8 hours at 30° C. 

Flemion and Hartzell (7) have called attention to the similarity in 
response to a period of low temperature in insects that hibernate in the egg 
stage and the germination of certain seeds of the colder temperate zone 
region that require a pre-treatment at low temperature before germina- 


tion. 
TABLE I 


COMPARATIVE DURATION IN Days oF NYMPHAL INSTARS AT 20° C. 


|—N 

f ee : : | Number of 
Stage Minimum Maximum Average | twenties 

I I 14 4.3 IIt7 

2 3 16 9.6 17 

3 et 14 L205 2 

4 II 12 II.5 2 

5 12 18 15.0 3 
Totals 38 74 S340 141 


TOTAL LIFE CYCLE 


The egg period including dormancy during the winter months and in- 
cubation in the spring extends over a period of approximately ten months. 
The nymphal period averages about one month. The preoviposition period 
is believed to be comparatively long. While adults have appeared as early 
as June 15, they were not observed mating until July 13. With leafhoppers 
egg deposition does not begin until several days after mating. This would 
indicate a preoviposition period of about a month. Thus it requires 12 
months to complete the cycle (Figure 4 B). To summarize, the overwinter- 
ing eggs in the twigs hatch almost with the first growth of spring. The 
nymphs mature in June, while the females lay the eggs during July and 
August. The comparatively long time necessary for the species to reach 
maturity precludes the possibility of this insect being two-brooded under 
field conditions. 

Ball (2) has called attention to the fact that species of leafhoppers that 
pass the winter in the egg stage develop earlier in the spring then do species 
that hibernate as adults. This he claims is a general adaptation found par- 
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FiGcureE 4. Macropsis trimaculata: (A) Population. (B) Life cycle. 
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ticularly in tree-infesting leafhoppers and is correlated with the short 
growth period in the spring. There is only one period of the year in which 
the female leafhopper has soft tender wood in which to deposit eggs and 
that is during the fore part of the growing season. The writer has observed 
females late in the season that had their ovipositors wedged into the wood 
so tightly that they had been held prisoners until they died. This observa- 
tion would tend to confirm Ball’s statement that species of leafhoppers that 
oviposit in twigs or branches of trees are necessarily restricted to a rela- 
tively short time for oviposition, and that the time that the wood is in 
the proper condition is too limited to permit more than one generation a 
year under natural conditions. 


HABITS OF THE INSECT 
FEEDING 


In place of feeding on foliage as is the usual habit of leafhoppers, this 
species is found on the twigs and smaller branches and is rarely observed 
on the leaves. It was observed for the most part feeding on young twigs 
and only occasionally on the petiole and mid-rib of the leaves. Feeding is 
accomplished by puncturing the bark by means of slender stylet-like 
mandibles after which the maxillae are forced into the plant tissue and the 
sap extracted in the way characteristic of homopterous insects. 

The insect is deleterious to young peach seedlings when exposed in 
large numbers. Kunkel (14) reports that if as many as ten adults are al- 
lowed to feed on a young peach seedling one foot high for a period of one 
week, they cause a sudden wilting of the tree, which may result in the 
death of the tree unless the insects are promptly removed. If this is done 
in time the tree recovers. As he was unable to find any bacteria or fungi 
associated with the tissue from wilted trees, he suggests that the insect 
may inject a deleterious substance that in some way causes the wilting. 


HABITS OF THE ADULTS 


The adults run rapidly and seek concealment on the opposite side of 
the limb from the observer. This combined with their color which re- 
sembles the bark of the trees makes them difficult to collect. They very 
seldom take flight when approached, as is the usual habit of leafhoppers, 
but are capable of a rapid zig-zag flight when moving from tree to tree or 
during mating activity. They seek the shade during the hottest part of 
the day. Males and females were observed mating on cultivated plum 
July 13 and 19, 1937. 


HABITS OF THE NYMPHS 


It was observed that the greatest number of nymphs hatched in the 
morning. During May, 1937, this period came between 8:30 and to A.M. 
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E.S.T. Asimilar periodicity was reported by the writer (5) for Empoasca 
fabae Harris. 

The newly emerged nymphs are found concealed between the unfold- 
ing leaves. Later they are found on the twigs and small branches. They run 
rapidly and seek concealment on the opposite side of the limb from the 
observer, closely resemble the bark, and are easily overlooked. They rarely 
hop although physically able to do so if probed. 


SEASONAL HISTORY 
HIBERNATION 


There appears to be a very close relationship between the dormancy of 
the egg and the dormancy of the twig in which it is laid. That the period 
is not merely a delay in hatching without relation to temperature is shown 
by the fact that eggs deposited on plum trees and kept in the greenhouse 
all winter failed to hatch. Plum trees infested with eggs were placed in a 
cold room in September at a constant temperature of 10° C. for a period 
of two months after which they were returned to a warm greenhouse. 
Nymphs hatched from the eggs deposited in these trees during the last 
week of November. 

No evidence of a second generation was observed under field conditions 
during the past five seasons that the species was under observation. 


POPULATION STUDIES 


Nymphs and adults of Macropsis trimaculata were collected over a 
three-hour period daily, weather permitting, throughout the growing 
season. Most of the captures were from wild plum but some were also taken 
from domesticated plum and peach. Collections were made at several lo- 
calities in Connecticut, New York, New Jersey, and Pennsylvania, but 
only insects collected at Yonkers, New York, are included in the popula- 
tion studies. 

In 1934 the total number of nymphs collected was 166 during the 
15-day period from May 28 when the first nymphs were observed in the 
field to June rr. The insect reached its maximum population in the period 
from June 12 to June 26 when a total of 389 nymphs and adults were 
captured. It then declined very rapidly as indicated in Figure 4 A, but 
adults could be found sparingly until the middle of August. The popula- 
tion was the largest for the five-year period studied. This was in spite of 
the fact that the eggs during the dormant period were exposed to unusually 
low temperatures. The thermometer dropped to — 6° F. during December, 
1933, at the nearest local weather station (22). In 1935 the number of 
nymphs collected was 173 during the 15-day period from May 30 to June 
13. The maximum insect population was reached during the following r5- 
day period with a total of 372 nymphs and adults captured. The decline 
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then was even more rapid than in 1934. The last adults were collected 
August 9. 

The season of 1936 was unfavorable for leafhopper development due no 
doubt to an unusually heavy precipitation during June (22). The total depth 
of water for June 1936 was 4.66 inches as compared to 3.46 for the 68-year 
average of the nearest local weather station. The heavy rainfall in the fore 
part of the season no doubt led to the destruction of a large number of 
newly emerged nymphs. From May 25 to June 8, 170 nymphs were col- 
lected. The total insect population fell off very rapidly during June and 
July. The last adults were captured on August 17. 

The season of 1937 was somewhat more favorable for leafhopper devel- 
opment than the previous season. During the first 15-day period from 
May 26 to June 9, 362 nymphs were captured. The number of adults taken, 
however, was very small and confined to a short season, as the last adults 
were captured July 9. 

Compared with studies conducted by Manns (21) who estimated in 
one instance the population of a plum tree in Delaware at 10,000 the popu- 
lation of Macropsis trimaculata at Yonkers, New York, is sparse. The fact 
that our captures were confined largely to Prunus americana in a suburban 
area may account for this. The writer has found, for example, much larger 
populations on cultivated plum at Southbury, Connecticut than at Yon- 
kers, New York. As it was not found feasible to make daily collections at 
stations far removed from Yonkers, the data as presented show the rela- 
tive distribution in population throughout the season, without regard to 
the maximum and minimum numbers for the whole range of the species. 


SUMMARY 


The plum and peach leafhopper, Macropsis trimaculata (Fitch), has 
been reported only from North America. In the United States it occurs as 
far west as Colorado, and south as far as Virginia. Its northern range in- 
cludes southern Ontario and Quebec, Canada. 

The principal wild host of the plum and peach leafhopper is Prunus 
americana but it also occurs on Prunus angustifolia, Prunus munsoniana, 
and Prunus pissardi. It occurs sparingly on peach and in greater numbers 
on Prunus domestica but prefers Japanese and Chinese plums. 

Macropsis trimaculata, as the vector of peach yellows and little peach, 
causes heavy losses to both peach and plum plantings throughout the area 
in which these diseases are endemic. The injury to plum has been until 
recently overlooked because on plum, yellows is masked. 

Under natural conditions there is only one brood of Macropsis trimacu- 
lata each year. The insect passes the winter in the egg stage in slits beneath 
the outer bark of plum and to a lesser extent in peach. The eggs hatch 
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during the latter part of May and the early part of June in the latitude of 
Yonkers, New York. 

The nymphal period requires from 21 to 35 days under field conditions. 
Nymphs reared at constant temperatures of 5°, 10°, 15°, 20°, and 25° C. 
were able to complete their development and become adults only at 20° 
C. The nymphal period, however, was greatly lengthened at this tempera- 
ture, with a minimum of 38 days and a maximum of 74 days. 

Adults emerged under natural conditions from the middle of June 
until the first week in July. They were collected in the field as late as the 
middle of August. 

Unlike most species of leafhoppers, both adults and nymphs feed on 
the twigs and are only occasionally observed on the foliage. They run 
rapidly over the twigs and the adults do not fly when approached nor do 
the nymphs hop as is the usual habit of leafhoppers, but seek concealment 
in the forks of the limbs or on the opposite side of the branch from the 
observer. 

The population distribution is also erratic depending upon host prefer- 
ence, rainfall at the time the eggs hatch, and on other ecological factors. 

Aside from a species of spider that was found feeding on a nymph, no 
predacious or parasitic enemies of Macropstis trimaculata were observed. 
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CARBON DIOXIDE STORAGE. X. THE EFFECT OF 
CARBON DIOXIDE ON THE ASCORBIC ACID 
CONTENT, RESPIRATION, AND pH OF 
ASPARAGUS -LISSUP 


Norwoop C. THORNTON 


The economic importance of supplying the consumer with fresh vege- 
tables justifies the use of any practical method that will keep the vegetables 
in good condition during transportation from the producer. Rapid refrig- 
eration of freshly-harvested vegetables soon after harvest and during 
transportation has been the most practical way of preserving quality and 
freshness. For this purpose water ice is commonly used. However, in recent 
years there has been a demand for a more rapid cooling of the vegetables 
after loading into refrigerator cars, for which solid carbon dioxide has been 
used. Besides its effectiveness as a refrigerant in the solid state, the carbon 
dioxide gas accumulating in the atmosphere is also beneficial in other 
respects, as it may retard respiration, preserve the freshly-harvested ap- 
pearance, and retard the growth of fungi that would impair the quality 
of the vegetables during shipment. Brooks, Bratley, & McColloch (1) have 
found this to be true for many vegetables, especially asparagus. However, 
from previous experience of the writer there arose the question of the effect 
of the carbon dioxide on the desired food quality of the vegetables. As 
reported (10) the storage of potatoes in carbon dioxide is not desirable 
because of the more rapid breakdown of starch to sugar which is associated 
with the very great increase in the rate of respiration of potatoes under 
this treatment. However, the effect of carbon dioxide on the rate of respira- 
tion of asparagus is just the reverse of that found with potatoes. Since 
many workers (2, 6, 7, 11, 12) have shown that low temperature storage, 
which retards the rate of respiration, will also effectively retard the loss of 
the ascorbic acid (vitamin C) content of vegetables, one may postulate 
that an exposure of asparagus to carbon dioxide would retard the loss of 
its ascorbic acid content. However, the experimental work shows that al- 
though carbon dioxide does retard the rate of respiration of asparagus tis- 
sue, it will also cause a rapid loss of the ascorbic acid content of the tissue. 


MATERIAL AND METHODS 


Asparagus (Asparagus officinalis L.) shoots cut and bunched in the 
usual commercial manner were obtained from a farm in Maryland. When 
the experiments were started all of the asparagus was in excellent condition 

1 Presented before the Division of Biolozical Chemistry, Symposium on Vitamins, at 
the oath meeting of the American Chemical Society, Rochester, New York, September 7, 
1937. 

Copyright, 1937, by Boyce Thompson Institute for Plant Research, Inc. 
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as it had been kept moist without refrigeration and was not over 20 hours 
old, i.e., from time of cutting. For a few of the experiments (designated in 
the text) the asparagus was obtained through a local wholesale dealer and 
it was about 36 hours old. Carbon dioxide injury to asparagus previously 
reported (8, p. 234) did not occur in these experiments because of the 
freshness of the material. The previous results were repeated and verified, 
however, with asparagus 48 to 72 hours old before subjection to the treat- 
ment with carbon dioxide. The difference in the age of the experimental 
material at the start of the treatment with carbon dioxide will account for 
the apparent differences between the previous work (8) and that reported 
elsewhere (1). Before setting up the experiment each bunch of asparagus 
was cut so that every shoot would be 15 cm. long from tip to base and was 
placed in water for to minutes. The shoots were then so graded that ap- 
proximately 2 grams of bud tissue would be obtainable. The gross weight 
of the shoots placed in every condition of the experiment was found at 
the beginning and at the end of each test and the results indicate that there 
was never more than 1 gram difference in the loss of weight of the control 
and of the lot receiving the highest carbon dioxide treatment during stor- 
age. The total weight loss during each experimental period varied from 2 
to 5 grams for 175 to 400 grams of asparagus tissue. From 30 to 60 shoots 
were used in each test condition and from this number duplicate lots of 
10 stalks each were used for each determination of ascorbic acid content 
and pH. 

The storage rooms at various constant temperatures, the 8-liter tin 
cans for storing the asparagus under treatment, the apparatus for deter- 
mining rate of respiration, and the method for obtaining the desired gas 
mixtures in the atmosphere about the asparagus, have been discussed in 
a previous report (9). In every treatment 20 per cent of oxygen was used 
and the carbon dioxide and nitrogen content of the gas mixture was 
varied according to the treatment. The three gases used to make up the 
artificial atmospheres were obtained from cylinders of the compressed 
gases. In some cases the asparagus tissue was held in an atmosphere rela- 
tively free of respired carbon dioxide. This atmosphere was obtained by 
placing in the can a beaker containing a paper moistened with 4 per cent 
sodium hydroxide. A small opening was left in the can to allow air to enter 
to avoid a vacuum being produced during the test. Furthermore, a sample 
of the air in the can was analyzed for carbon dioxide at the end of each 
experiment and the maximum amount ever found was 0.3 per cent. 

The asparagus tissue, when removed from the storage conditions, was 
washed with distilled water and the excess moisture removed with cheese- 
cloth. A sample of the tissue was ground through a food chopper, and the 
juice extracted by squeezing by hand through a double thickness of cheese- 
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cloth. The pH of the juice was then determined with the quinhydrone 
electrode, using a saturated calomel half cell as reference electrode. 

The ascorbic acid content of the asparagus bud and stalk tissue was 
determined as follows: A weighed quantity (approximately 20 grams) of 
tissue was ground by the aid of acid washed quartz sand to an extremely 
fine consistency in 50 cc. of a mixture of acids consisting of 5 per cent sul- 
phuric and 2 per cent metaphosphoric as suggested by Mack and Tressler 
(5). This preparation was then transferred to a 200 cc. volumetric flask, 
made up to volume with the acid mixture, thoroughly mixed, centrifuged 
and aliquots used for titration with a solution of 2,6-dichloro-pheno- 
lindophenol. The indicator solution was prepared each day and was 
standardized against a freshly prepared solution of ascorbic acid in the 
acid mixture. 

EXPERIMENTAL RESULTS 

The effectiveness of carbon dioxide in bringing about changes in ascor- 
bic acid content, rate of respiration, and pH of the asparagus tissue during 
storage of 24 hours at 22° C. is shown in Figure 1. During this period the 


Mg. OF ASCORBIC ACID OR OXYGEN PER 100g. OF TISSUE 
PH OF JUICE FROM TISSUE 


PERCENTAGE OF CARBON DIOXIDE 


Ficure 1. The effect of carbon dioxide on the ascorbic acid content, rate of respira- 
tion, and pH of asparagus tissue during storage of 24 hours at 22° C. 


asparagus that originally contained 19.0 mg. of ascorbic acid per too g. 
of bud tissue lost 5 mg. when held in air relatively free of carbon dioxide 
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and rr.9 mg. when held in 60 per cent of carbon dioxide. This means an 
actual loss of 6.9 mg. of ascorbic acid that may be attributed directly to 
the effect of the treatment with carbon dioxide. On a percentage basis the 
control sample of asparagus lost 26.3 per cent and the carbon dioxide 
treated sample 62.6 per cent of the original ascorbic acid content during 
the 24 hours at 22° C. or a difference of 36.3 per cent that may be attribu- 
ted directly to the effect of the carbon dioxide treatment. From this we 
may estimate that the loss in ascorbic acid content of asparagus treated 
with carbon dioxide for 24 hours at 22° C. is equivalent to the loss occurring 
in approximately 58 hours of storage in ordinary air at this temperature. 
Intermediate concentrations of carbon dioxide likewise caused a loss in 
ascorbic acid content of the bud tissue as shown in Figure 1. Furthermore, 
the accumulation of carbon dioxide from respiration is also detrimental to 
asparagus during storage. As shown in Figure 1, 5 per cent of carbon 
dioxide accumulating in the closed container (without NaOH) during the 
test brought about a total loss of 34.7 per cent of the ascorbic acid content 
of the tissue which is 8.4 per cent greater than the loss in the control tissue 
held in the absence of carbon dioxide. This result is of particular signifi- 
cance when one considers that vegetables are sometimes held for various 
periods in relatively air-tight and closely packed storage rooms where car- 
bon dioxide may accumulate from the respiration of various plant materials. 

The effectiveness of carbon dioxide in reducing the rate of respiration 
(measured as mg. oxygen uptake per 100 g. of tissue per hr.) of the aspara- 
gus tissue is also shown in Figure 1. The presence of 12 per cent of carbon 
dioxide reduced the rate of respiration 15 per cent, and 35 per cent CQO, 
reduced it 29 per cent below that of the tissue held as control. Of course 
the control tissue in this case was exposed to accumulating carbon dioxide 
so that its rate of respiration would be continuously lowered; thus we may 
suggest (unpublished data) that the reduction due to carbon dioxide was 
even greater than that shown in Figure tr. 

Concurrent with the loss in ascorbic acid content and reduction in rate 
of respiration there occurred a very great increase in the pH of the aspara- 
gus tissue treated with carbon dioxide. As shown in Figure 1, the tissue 
changes from pH 6.2 in the absence of carbon dioxide to pH 7.1 in the 
presence of 60 per cent of carbon dioxide. Even in this case a small quan- 
tity of respired carbon dioxide was effective in bringing about a measurable 
increase in the pH of the tissue. 

In view of the fact that ascorbic acid may be oxidized to dehydroascor- 
bic acid which is not detected in the titration with indophenol, care was 
taken to insure that the ascorbic acid in the extract was in the reduced 
form. The asparagus extract was treated with hydrogen sulphide for r5 
minutes and the excess H,S was eliminated by bubbling carbon dioxide 
or nitrogen through the extract. The ascorbic acid content of the asparagus 
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extract before and after the HS treatment was found to be the same as is 
shown by the data in Table I. Since ascorbic acid has not been found in 
intact vegetables in any other than the reduced form, these data bear out 
the fact that the carbon dioxide treatment has brought about a partial 
destruction of the ascorbic acid content of the asparagus tissue. Whether 
the ascorbic acid is rapidly oxidized to dehydroascorbic acid and with fur- 
ther decomposition is lost as far as its measurement is concerned or 
whether it is destroyed by some other method in the tissue during the 
treatment with carbon dioxide is at present unknown. Until further evi- 


TAB IEE a 


EFFEcT OF H2S REDUCTION OF ASPARAGUS EXTRACT IMMEDIATELY AFTER GRINDING ON ITS 
AscorsBic AciD CONTENT 


f Hee reiuerion Ascorbic acid mg. per roo g. of tissue 
reatment of of asparagus . : 
erart Hesné extract before Intact tissue held in CO, treatment at: 
titration ieee 17° @ aoe 
Control in No ae 15.3 10.5 
closed 
container Yes Te Wea LOWS 
No 14.6 es 9.9 
1o% COs 
Yes 14.5 12.3 Qo 
No Ts 8.1 Woe 
60% CO, 
Yes is 3 Son Wak 


dence is obtained we may consider the differences found in ascorbic acid 
content of treated and untreated tissues as the result of its destruction by 
some agency which is acted upon by the carbon dioxide. 

Having found that carbon dioxide was effective in causing the loss of 
the ascorbic acid content of the asparagus tissue, the next problem was to 
determine if the time and temperature of treatment would alter this re- 
sult. The data in Table II show that only a short period of storage in car- 
bon dioxide is necessary to cause the greater proportion of the loss in 
ascorbic acid. The ascorbic acid content of asparagus held for five hours 
at 27° C. in the closed container had decreased from 20.5 mg. at the start 
to 16.9 mg. or a loss of 17.5 per cent due to the combined effect of tempera- 
ture and accumulation of carbon dioxide from respiration. At the same 
time the asparagus exposed to 30 and to 60 per cent of carbon dioxide 
lost 35.6 and 48.2 per cent respectively of its original ascorbic acid content. 
During the total period of 26 hours of storage the asparagus held as control 
lost 32.7 per cent of its original ascorbic acid content while the asparagus ex- 
posed to 30 and to 60 per cent of carbon dioxide lost 57.1 and 52.7 per cent 


142 CONTRIBUTIONS FROM BoycE THOMPSON INSTITUTE [VoL. 9 


respectively. From this information we see that the greater proportion of 
the total loss of ascorbic acid took place during the first five hours of stor- 
age in carbon dioxide. 

As the temperature of storage was lowered to 20° C. an entirely differ- 
ent lot of asparagus was used (asparagus 36 hours old from wholesaler’s 
refrigeration room) which contained 15 mg. of ascorbic acid per roo grams 
of bud tissue. During the 22 hours of storage the tissue held as control in 
the closed container lost 31.3 per cent of its original ascorbic acid content 
and during the next 22 hours of storage it lost an additional 16 per cent. 
In the same experiment the decrease in ascorbic acid content of the aspara- 
gus held in 30 and 60 per cent of carbon dioxide for 22 hours was 58.6 and 


TABLE SE 


EFFECT OF DURATION OF CARBON DIOXIDE TREATMENT AND TEMPERATURE OF STORAGE ON 
Ascorsic AcID AND PH oF ASPARAGUS TISSUE 


Hours of storage at temperatures of: 
Treatment | Determinations 27° C. 20° C. Eos 
5 26 22 44 45 67 890 
Control in | Ascorbic acid*| 16.9 rigs gts 10.3 7.0 te ro24 Drag 
closed | 

container jos are Gr3 6.3 6.2 Gu2 Cua, i ees 6.3 

Ascorbic acid* | 13.2 8.8 6.2 ras 8.6 8.4 Via 
30% COr 

pial of: 6.6 6.5 6.6 6.6 6.8 6.7 Oy, 

Ascorbic acid* | 10.6 On7 6.8 5.0 8.9 8.1 Sor 
60% COr _ 

Did 6.7 6.7 On7 6.6 750 6.9 6.9 


* Milligrams per 100 grams of bud tissue. 
** Bud and stalk about 15 cm. long ground and juice extracted for determinations. 


54.6 per cent respectively, and with another 22 hours of storage the aspara- 
gus lost only an additional 4.7 and 12.0 per cent respectively. In another 
experiment conducted at 10° C. with asparagus having an original con- 
centration of 21.1 mg. of ascorbic acid the results show, in Table II, that 
60 per cent of carbon dioxide reduced the ascorbic acid content 57.8 per 
cent in 45 hours and only an additional 15.2 per cent with another 44 
hours of storage. This information leads to the conclusion that short pe- 
riods of storage of asparagus in carbon dioxide are proportionately more 
detrimental than extended periods. 

Furthermore, the data in Table II show the effectiveness of lower 
temperatures in retaining the ascorbic acid content of asparagus tissue. 
The asparagus held for 26 hours at 27° C. lost a greater percentage of its 
ascorbic acid content than the asparagus held for 45 hours at 10° C, 
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The effect of the duration of the carbon dioxide treatment at various 
temperatures on the pH of the asparagus tissue is also shown in Table IT. 
Regardless of the temperature or the duration of the treatment there is 
always an increase in pH (decrease in hydrogen-ion concentration) of 
the tissue. Apparently the changes that take place in the tissue treated 
with carbon dioxide are exceedingly rapid to allow for such an enormous 
decrease in the H-ion concentration as represented by an increase of 0.4 
of a pH unit in such a short period of treatment as 5 hours. In fact, the 
change is so rapid that a definite increase in pH of the asparagus tissue 
may be observed with only a 20-minute treatment with carbon dioxide. 

The results of a further investigation of the combined effect of the 
storage temperature and carbon dioxide treatment on the ascorbic acid 
content of asparagus are given in Table III. These tests were conducted 


TABLE UL 


STORAGE TEMPERATURE AND ACTION OF CARBON DIOXIDE oN ASCORBIC ACID AND PH 
oF ASPARAGUS TISSUE 


Asparagus under treatment 
24 hrs. at 2° C, 28 hrs. at 17° C. 26 hrs. at 27° C. 
Dreatnest Ascorbic Ascorbic Ascorbic 
acid pH acid pH acid pH 
mg./too g. | bud & stalk | mg./r1oo g. | bud & stalk | mg./1oo g. | bud & stalk 
bud bud bud 
Control in 
room 18.7 6.0 18.4 Ome 18.6 O52 
Control in 
closed 
container 14.8 6:3 IDB 623 13.8 On 
30% COrz 13.2 6.6 Q.2 6.4 8.8 Ons 
60% COrz EOS 627 Q.2 6.6 Oni Onn 


at the same time with fresh asparagus of the same age. In general the pre- 
viously discussed effect of the carbon dioxide on the asparagus tissue is 
observed. The tissue held in air relatively free of carbon dioxide maintains 
a high concentration of ascorbic acid while the tissue exposed to either a 
low concentration of carbon dioxide from respiration or a high concentra- 
tion in treatment loses a large proportion of its ascorbic acid content 
either at 2° or 27° C. Also the carbon dioxide is effective in increasing the 
pH of the asparagus tissue at any of the temperatures of storage. 
Although at temperatures of 17°, 22°, and 27° C. the effect of carbon 
dioxide is to bring about a loss of ascorbic acid during treatment, the situa- 
tion is quite different at a temperature of 2° C. and probably also at ro° C, 
At such temperatures the effect of 60 per cent of carbon dioxide is to re- 
tard the loss of ascorbic acid during the period of treatment. Thus, in 
Table III, column 2 at 2° C., it is seen that the ascorbic acid content of the 
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sample treated with 60 per cent carbon dioxide is definitely higher than 
that of the control sample held in the container or of the sample held in 
30 per cent of carbon dioxide. Similarly, in Table IV, at ro°® C. the sample 


TABLE IV 


CHANGES IN AscorBic ActD CoNTENT AND PH oF ASPARAGUS TISSUE AS A RESULT OF 
ExposuRE TO CARBON DIOXIDE AND EFFECT OF THIS TREATMENT ON SUBSEQUENT 
CHANGES WHEN HELD IN CO:-FREE AIR 


After treatment for 27 hrs. In CO.-free air* for 24 hrs. at 
apmos es 10° C. following CO: treatment 
Treatment Ascorbic acid pH Ascorbic acid pH 
mg. per 100 g. of bud and mg. per 100 g. of bud and 
of bud tissue stalk of bud tissue stalk 
Control in closed 
container* 15.4 6.2 14.2 6.1 
Control in closed 
container 102) 7 6.3 12.6 6.1 
30% COrz 10.0 6.9 10.0 6.1 
60% COs ao 70 10.6 6.2 


* CO, continuously removed with paper moistened with 4 per cent NaOH. 


treated with 60 per cent carbon dioxide is higher in ascorbic acid than the 
sample treated with 30 per cent carbon dioxide and approximately equal 
to the control under the same conditions. However, when the tissue is re- 
moved to air relatively free of carbon dioxide the ascorbic acid content 
of the asparagus previously treated with 60 per cent of carbon dioxide de- 
creased very rapidly to a substantially low value as compared with the 
other treatments. The investigation to date has not yet disclosed the 
exact nature of the combined effect of the high concentration of carbon 
dioxide with low temperature on the ascorbic acid content of asparagus 
tissue. 

Heretofore there appeared to be some correlation between the increase 
in pH and the loss of ascorbic acid, but the data in Tables III and IV do 
not completely substantiate this idea. In both cases there are data to show 
that the ascorbic acid content of the asparagus tissue was not reduced to 
any great extent, although the pH of the tissue was greatly increased with 
the carbon dioxide treatment. Furthermore, in Table IV the asparagus 
upon removal to air after treatment with 60 per cent of carbon dioxide 
lost 18.4 per cent of the ascorbic acid content it contained at the end of 
the treatment and at the same time the pH of the tissue dropped from 
7.0 to 6.2. These results indicate that the changes in asparagus tissue are 
the effect of the treatment with carbon dioxide on the metabolism of the 
tissue and not the direct action of the gas on ascorbic acid. In fact, carbon 
dioxide gas bubbled through freshly extracted asparagus juice has no effect 
on its ascorbic acid content; nor does the storage of the asparagus tissue 
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in high oxygen concentration bring about any more rapid destruction of 
the ascorbic acid than storage in a normal atmosphere. 

The data in Table IV also show the effect of holding the asparagus tis- 
sue in an atmosphere relatively free of carbon dioxide following a period of 
treatment with the gas. During the treatment for 27 hours at 10° C. the 
tissue lost some of its ascorbic acid content and became considerably more 
alkaline. Following the treatment the tissue held in air relatively free of 
carbon dioxide for 24 hours at 1o° C. changed very little in ascorbic acid 
content (except as already discussed) and the pH of the tissue returned to 
the original level. However, the ascorbic acid content of the tissue treated 
with carbon dioxide was still lower than that of the untreated tissue. 

The ascorbic acid content of the asparagus stalk was reduced during 
the period of treatment with carbon dioxide as is shown in Figure 2. In 
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PERCENTAGE OF CARBON DIOXIDE AT END OF STORAGE 


FiGure 2. The effect of carbon dioxide on the ascorbic acid and pH of the asparagus 
bud and stalk tissue as determined after treatment for 42 hours at 22° C. 


this test the intact asparagus shoot was held under the various conditions 
of storage for 42 hours at 22° C. and then removed and the bud taken in 
one sample and 4 cm. of the stalk immediately below the bud used in the 
other sample of tissue for analyses. The actual difference in ascorbic acid 
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content of the stalk held as control (in a container with NaOH) and that 
treated with 60 per cent of carbon dioxide was 4.1 mg. or 36 per cent of 
that contained in the control tissue. During this test, with the asparagus 
held in the closed container where the carbon dioxide was allowed to ac- 
cumulate to a concentration of 15 per cent by volume, the ascorbic acid 
content of the stalk tissue decreased 2.3 mg. which is a loss of 20.2 per 
cent of that contained in the control tissue. At the same time the bud 
tissue exposed to 15 per cent of carbon dioxide (in the closed container) 
lost 31.3 per cent and that exposed to 67 per cent of carbon dioxide lost 
52.2 per cent of the ascorbic acid content as compared with the tissue held 
in the absence of carbon dioxide. From these results it is apparent that the 
decrease in ascorbic acid is not a result of a movement of the ascorbic acid 
from the bud into the stalk but that there is an actual destruction of it in 
the tissue during the treatment with carbon dioxide. 

The effect of carbon dioxide on the pH of the asparagus bud and stalk 
tissue is also shown in Figure 2. The bud tissue is more alkaline than the 
stalk immediately below the bud. However, the increase in pH of the bud 
from pH 6.7 to 7.3 and the stalk from pH 6.1 to 6.8 with a treatment of 
60 per cent of carbon dioxide for 42 hours is in agreement with the results 
already discussed. 

DISCUSSION 


The results presented in this paper show that the accumulation of car- 
bon dioxide in the air surrounding asparagus tissue causes a loss in the 
vitamin C content of the tissue. This means that any method of handling 
asparagus which allows for the accumulation of carbon dioxide about the 
tissue either from respiration or from the use of solid carbon dioxide as a 
pre-cooling agent is not desirable from the standpoint of preserving a high 
vitamin C content. However, if the appearance of the asparagus is of more 
importance than its vitamin content, then it is desirable to handle it in an 
atmosphere containing some carbon dioxide. Since the temperature of 
storage and length of exposure to carbon dioxide can not be varied to offset 
the destructive action on the ascorbic acid content, the only recourse at 
present is to insure that the asparagus is not exposed to a high concentra- 
tion of carbon dioxide. A further investigation of the effect of carbon diox- 
ide on the ascorbic acid content of other plant tissues is being conducted 
and the results will be reported at a future time. 

Fellers and Stepat (3) and Fellers, Stepat, & Fitzgerald (4) have re- 
ported considerable loss of the vitamin C content of peas and lima beans 
in the pods during shipment even though the material was packed with 
ice. Possibly respired carbon dioxide is the detrimental factor in these 
cases since it could accumulate to a high concentration in the pods espe- 
cially when the pods are packed closely together in the hampers. Tressler, 
Mack, and Jenkins (11) have reported a more rapid loss of ascorbic acid 
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from shelled lima beans than from unshelled beans. This no doubt is the 
result of the increased rate of respiration of shelled beans over unshelled 
beans (9) together with the resulting faster accumulation of carbon diox- 
ide. 

Attention is again directed to Figure 1, where is shown the effect of 
carbon dioxide on three interdependent measurements made on asparagus 
tissue. Theoretically only the depressing effect on the rate of respiration is 
to be expected. However, ascorbic acid is destroyed although the oxida- 
tion processes in the system are retarded. It is probable that the accumu- 
lation of end products from some associated metabolic processes, as evi- 
denced by the increase in pH of the tissue, bring about the destruction of 
ascorbic acid without the aid of oxygen from the external atmosphere or 
by some process not yet investigated. These results were determined en- 
tirely by the titration method which is generally accepted as giving com- 
parable results with the animal bioassay method. 


SUMMARY 


The ascorbic acid, vitamin C, content of asparagus tissue was reduced 
by 8 to 52 per cent with storage in an atmosphere containing carbon diox- 
ide either added purposely or allowed to accumulate during respiration. 

The loss of ascorbic acid was most rapid during the early hours of ex- 
posure to carbon dioxide and it occurred either during or following storage 
at all temperatures from 2° to 27° C. 

The loss of ascorbic acid took place to the greatest extent in the bud 
tissue but it also occurred in the stalk. 

After the loss of ascorbic acid during storage in carbon dioxide, there 
was no recovery when the tissue was exposed to the air after treatment. 

The rate of respiration of the asparagus tissue was reduced during ex- 
posure to the carbon dioxide. 

The hydrogen-ion concentration of asparagus tissue was decreased 
during the period of treatment with carbon dioxide. This was shown by an 
increase of 0.4 to 0.9 of a pH during treatment. The acidity returned to 
the original values upon removal of tissue to air. 
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THE WEATHERING OF BORDEAUX MIXTURE! 
FRANK WILCOXON AND S. E. A. MCCALLAN 


In a previous paper (6) it was shown that fungous spores excrete sub- 
stances which are able to dissolve copper from sprayed films of Bordeaux 
mixture. These findings lend considerable support to the hypothesis that 
such spore excretions are responsible for the fungicidal action which is 
observed even when spore germination experiments are performed on 
glass slides in the laboratory, where neither rain nor excretions from leaves 
can have any influence. These latter agencies may play a part, however, 
under field conditions, and the present paper presents the results of a 
study of the changes in composition undergone by films of Bordeaux mix- 
ture exposed to rain, together with accompanying changes in solubility of 
the copper in the film. In order to eliminate any possible influence of leaves 
or spores, in the present study glass plates were sprayed and exposed out- 
of-doors on a specially constructed rack. 

The earlier work on the effect of atmospheric agencies in Bordeaux mix- 
ture has been reviewed in detail in a previous paper (5). Later investiga- 
tions include those of Goldsworthy and Green (4), Reckendorfer (9), and 
Branas and Dulac (1). A number of these authors have stressed the con- 
nection between the gradual carbonation of the lime in Bordeaux mixture 
and the appearance of soluble copper. Crandall (2) analyzed the drippings 
from trees sprayed under orchard conditions and concluded that ‘‘copper, 
in small quantity, becomes soluble very soon after deposition, and con- 
tinues to appear as long as any of the mixture remains upon the leaves.” 
In a recent paper Reckendorfer (9) has studied the réle of CO, and mois- 
ture in the production of soluble copper from films of Bordeaux mixture. 
A point which does not appear to have been previously investigated is the 
possible change in the copper-lime-sulphate ratio of the Bordeaux precipi- 
tate under the influence of rain. According to Martin (7) the precipitate 
consists essentially of hydrated copper oxide with adsorbed calcium sul- 
phate. Prolonged washing of this precipitate in the laboratory leads finally 
to the production of brown or black hydrated copper oxide. In the field 
this change is not observed. It appeared of interest therefore to make 
analyses of the sprayed Bordeaux film for all three constituents, copper, 
calcium, and sulphate, after varying periods of exposure to rain in order 
to follow possible changes in the ratio of these constituents. 


METHODS 


Bordeaux mixture was prepared by adding a 2 per cent suspension of 
slaked calcium oxide or a 2.67 per cent suspension of Ca(OH): to a 2 per 


1 Herman Frasch Foundation for Research in Agricultural Chemistry, Paper No. 150 
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cent solution of CuSOysH2O. The resulting 4-4-50 mixture was sprayed 
on circular glass plates, cut from window glass and having an area of 225 
sq. cm. The spray was delivered through an atomizer and regulated to a 
pressure of 40 mm. of mercury by means of a manometer attached to the 
laboratory air pressure line. The plates were sprayed as evenly as possible 
and the duration of spraying varied from 30 to 50 seconds per group of 7 
plates, but was constant for any one experiment. This amount of spraying 
resulted in approximately 1.5 to 4.0 mgs. of Cu per plate. 

After drying in the laboratory for about 3 hours the plates were placed 
out-of-doors on specially constructed weathering racks (Fig. 1). The racks 


FIGURE 1. Weathering racks to hold plates sprayed with 
Bordeaux mixture. Rain gauge on right. 


were inclined at an angle of about 20° and the upper side of the plate held 
about o.5 cm. above the platform to prevent run-off water from flowing 
across the plate. A rain gauge was placed beside the rack and the rainfall 
recorded daily. Control unexposed plates were held in the laboratory. From 
time to time a number of plates were brought inside and determinations 
made of soluble and total copper and total calcium and sulphate. 

Determinations in the change of the copper-calcium-sulphate ratio of 
the material remaining on the plates after various periods were made as 
follows :— Copper was determined by electrolysis, calcium gravimetrically 
as oxalate, and sulphate by precipitation as barium sulphate. For the 
initial determinations four plates were used, and the number was increased 
as the amount of material remaining diminished. It was not found possible 
to make more than three sets of determinations per experiment due to the 
small amount of material remaining on the plates. 

In the tests involving soluble copper, each plate was placed in a moist 
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chamber containing 50 cc. of distilled water. The chambers were agitated 
overnight on the machine previously illustrated and described (6). Soluble 
copper was then determined by a former method (6) using the reagent so- 
dium diethyl dithiocarbamate. In some cases the catalytic method of 
Quartaroli (8) was also used. These tests were usually performed in quad- 
ruplicate, employing one plate for an individual test. The insoluble copper 
was dissolved in dilute sulphuric acid and determined in the same manner. 


RESULTS 


CHANGES IN COMPOSITION 


The analyses of the material remaining on the sprayed and exposed 
plates showed that Bordeaux mixture undergoes a marked change in com- 


Cud 


CaO S03 


FIGURE 2. Change in composition of sprayed 4~4~50 Bordeaux mixture on weathering. 
Point x initial composition, 2 after 4 days and o.30 inches rain, and 3 after an additional 8 
days and o.21 inches rain. 


position on weathering. The leaching action of rain effects a preferential 
removal of lime and sulphate so that the film remaining becomes richer in 
copper as time goes on. The composition of such a film may be shown by 
means of a triangular diagram (Fig. 2) in which the relative amounts of 
the three components CuO, CaO, and SO; are plotted in mols per cent. 
The point 1 represents the initial composition of freshly sprayed and dried 
4-4-50 Bordeaux mixture. After 4 days and o.30 inches of rain the compo- 
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sition of the spray was that represented by point 2. After a further period 
of exposure, 8 days, and an additional rain of 0.21 inches, the composition 
was that indicated by point 3. It was not possible to follow the change 
further due to the small amount of material remaining on the plates. It is 
evident that sprayed Bordeaux mixture is a continually changing system, 
and for this reason studies made on the initial mixture may have little 
bearing on its properties after exposure. From the diagram it appears 
likely that the mixture eventually approaches the composition of pure 
hydrated copper oxide, unless some other factor intervenes. 


CHANGES IN COPPER SOLUBILITY 


Typical results of the determinations of total and soluble copper are 
shown in Figure 3 and Figure 4, 4-4-50 mixture. Inspection of these dia- 
grams shows that the total copper decreases on weathering, while the 
soluble copper increases, reaching a maximum in about two weeks, and 
thereafter declines. The results in different experiments are rather variable 
and increases in soluble copper are noted, even in the absence of rain. 

The highest amount of soluble copper observed was 0.45 mg. per plate 
(225 sq. cm.). This occurred after 18 days of weathering, and was 12.3 per 
cent of the total copper remaining. It appears that this amount of copper 
would give a highly toxic solution in the amount of rain water that might 
adhere to one plate. These results indicate that the fungicidal action of 
Bordeaux mixture may be dependent not only on the solubilizing action of 
spore excretions (6) but also on the soluble copper which arises after the 
spray has weathered for a period of time. It should be emphasized, how- 
ever, that no weathering period is required for the spray to exert a toxic 
action. This gradual appearance of soluble copper must also be considered 
in attempting to explain the injury to fruit and foliage which occurs on 
many copper-sensitive plants. 

Effect of change in copper-lime ratio. In order to obtain further informa- 
tion regarding the effect of composition on soluble copper, a comparative 
study of the weathering of Bordeaux mixture was undertaken, in which 
the copper-lime ratio of the spray varied. The experiment included 4—4~-50, 
4-2-50, and 4-1~so Bordeaux mixture. Representative results are shown 
in Figure 4. The mixtures low in lime showed greater initial soluble copper, 
and on weathering increases in soluble copper appeared sooner than in the 
case of 4~4-50 Bordeaux. Furthermore, the low lime Bordeaux lost total 
copper more rapidly than the 4—4-50 mixture. 

Effect of carbonation. The increases in soluble copper which were some- 
times observed even when no rain had fallen require further explanation. 
Such changes were not observed on control plates kept in the laboratory. 
The other atmospheric agencies which might be expected to influence the 
appearance of soluble copper include carbon dioxide and dew. The follow- 
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FIGURE 3. Changes in soluble and total copper of plates sprayed with 
4-4-50 Bordeaux mixture after weathering. Typical experiments. 
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FIGURE 4. Change in soluble and total copper of plates sprayed with 
varying copper-lime Bordeaux mixtures, after weathering. 
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ing experiment shows, however, that the carbonation of the excess lime 
in the Bordeaux film occurs too rapidly to account for the change observed. 
Sprayed plates were exposed during fair weather, and at intervals sample 
plates were placed on the agitator (6) with 50 cc. of distilled water and 
agitated for five minutes. The pH of the solution was determined with the 
glass electrode, and the per cent of lime carbonated calculated, assuming 
that the change in pH was due entirely to the neutralization of the lime 
by COs. The results are plotted in Figure 5 and show that the carbonation 
is 95 per cent completed in 3 hours, while the appearance of appreciable 


100 


PER CENT CALCIUM CARBONATED 


HOURS 


FIGURE 5. The carbonation of the calcium in sprayed Bordeaux 
mixture with time, as indicated by pH measurements. 


amount of soluble copper requires a much longer period. Furthermore, 
the method of determining soluble copper involves practically complete 
carbonation of the free lime, since the plates are dried for several hours 
after spraying. 

Effect of dew. Experiments were performed in which dew was collected 
from sprayed plates following exposure overnight. Amounts as high as 
4 cc. per plate were collected. Analyses of the dew collected from the plates 
showed that appreciable amounts of material can be removed by this 
agency under certain weather conditions. In one experiment in which 
freshly-sprayed plates were exposed overnight, a total of 28.5 cc. of dew 
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Ficure 6. The effect of laboratory rain on sprayed Bordeaux mixture. A. Increase of soluble 
copper with time of exposure. B. Increase of soluble copper with loss of total copper. 
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was collected from 8 plates. Analyses of this dew showed that there was 
removed from each plate 0.0026 mg. Cu, 1.80 mg. CaO, and sulphate 
equivalent to 7.25 mg. of BaSQ,. This fact may serve to explain the in- 
creases in soluble copper which were occasionally noted, even in the ab- 
sence of rain. 


ARTIFICIAL WEATHERING 


If the increases in soluble copper noted are due entirely to changes in 
composition of the precipitate as weathering proceeds, it should be possible 
to duplicate this effect in the laboratory by experiments with artificial 
rain. Accordingly 4-4-50 Bordeaux was sprayed on the circular glass 
plates, dried, and exposed to artificial rain. The rain was delivered through 
a small rose attached to the distilled water line and directed toward the 
sprayed plate. The pressure was adjusted to give 1 inch of rain in one 
minute. The plate was supported in a swinging cradle, about 25 inches 
below the orifice. It was found that an inch of rain under these conditions 
was far less efficient in removing the spray from the plates than a corre- 
sponding amount out-of-doors. The rain out-of-doors strikes with greater 
impact and the distribution of the drops is different. After varying periods 
of exposure, the plates were dried and the soluble and total copper deter- 
mined. The results are shown in Figure 6. It is evident that the leaching 
effect of the artificial rain brings about a marked increase in the soluble 
copper. The maximum amount of soluble copper obtained approximates 
that obtained in some of the outdoor experiments. 

Experiments in which the Bordeaux precipitate was washed either by 
centrifuging, or by washing on a Buchner funnel, until incipient darkening 
of the precipitate occurred, did not lead to such large increases in soluble 
copper. Apparently the leaching effect of the artificial rain is much greater 
than ordinary washing. Carbonation of the precipitate with a current of 
COs, either before or after washing, did not lead to such increases in soluble 
copper as were observed in the experiments with artificial rain. 


DISCUSSION 


The investigations described in this paper lead to the conclusion that 
sprayed films of Bordeaux mixture undergo a continual change in composi- 
tion under the influence of rain and dew. The excess lime in the mixture is 
carbonated quite rapidly, and the subsequent leaching effect of rain re- 
moves calcium and sulphate at a greater rate than copper, leaving a residue 
relatively richer in copper as weathering proceeds. This change in compo- 
sition of the precipitate is accompanied by the appearance of increased 
amounts of soluble copper, which may furnish toxic solutions under some 
conditions. These results may be duplicated in the laboratory, but only if 
sprayed and dried films of Bordeaux mixture are used for the experiment. 
Prolonged washing of the unsprayed Bordeaux precipitate by centrifuging 
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or on a Buchner funnel leads only to darkening of the precipitate, without 
such increases of soluble copper as are observed with sprayed films. In 
addition, the films do not darken on washing as does the unsprayed pre- 
cipitate, and these facts strongly indicate that the properties of the sprayed 
films are chemically and physically different from those of the unsprayed 
precipitate. 

The rapid carbonation of the excess lime in the film cannot explain 
the appearance of soluble copper, since the latter does not appear until 
long after the initial carbonation is complete. The question remains as to 
whether a slower prolonged action of COz on the copper compounds in 
the film is responsible for the increases in soluble copper observed. This 
view has been emphasized by Reckendorfer (9), who gives a series of equa- 
tions for the action of COz on the precipitate leading finally to CuSO,, 
Cu(HCOs3)2, and Ca(HCOs3)2. However the equilibrium relations between 
hydrated copper oxide and COs: are such that even the normal carbonate 
CuCO; is never obtained by ordinary procedures, and it seems unlikely 
that the acid carbonate Cu(HCOs)2 could be formed under as low pressures 
of CO, as exist in the atmosphere. Free (3) has studied the solubility of 
basic copper carbonate under varying pressures of CO: and found 8.3 
p.p.m. of copper in water containing 157 p.p.m. of COs, while in water to 
which no extra CO: was added the solubility was 1.5 p.p.m., at 30° C. 

Reckendorfer also considers that the reaction forming Cu(HCQOs)e is 
reversible so that during dry periods the solubility of the copper is lowered, 
while during wet periods it is increased. The present authors found no evi- 
dence of such an alternating solubility. In our experiments the solubility 
gradually increased on weathering until the total copper remaining on the 
plates was only about 12 per cent of the original value. 

Martin (7) has presented evidence showing that the Bordeaux precipi- 
tate is essentially hydrated cupric oxide stabilized by adsorbed calcium 
oxide and sulphate. If this is the case, or if the mixture constitutes a solid 
solution, which is indistinguishable from an adsorption complex by physi- 
cochemical means, then it is reasonable to expect that the solubility of the 
copper would increase as the lime and sulphate were removed by washing. 
The definite compounds which have been assumed to be present in the 
precipitate by some investigators, have never been shown to exist with 
certainty, and therefore serve no useful purpose in attempting to explain 
the properties of the mixture. 


SUMMARY 


1. When glass plates are sprayed with 4-4~50 Bordeaux mixture, and 
exposed outdoors, the sprayed film undergoes a change in composition 
under the leaching influence of rain and dew, leading to a mixture rela- 
tively richer in copper. 
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2. This change in composition is accompanied by an increase in soluble 
copper. The highest amount observed was 0.45 mg. per plate (225 sq. cm.), 
when the plate was agitated with 50 cc. of water. Carbonation of the ex- 
cess lime was complete in a few hours, as judged by pH measurements, but 
the increases in soluble copper did not occur until much later. 

3. The results could be duplicated in the laboratory using artificial 
rain, but only if a sprayed, dried film of Bordeaux were used. Washing 
the Bordeaux precipitate in bulk by centrifuging, or on a Buchner funnel, 
did not lead to substantial increases in soluble copper. 

4. When Bordeaux mixtures low in lime were submitted to the leaching 
action of rain, soluble copper appeared sooner than with a 4—4—s50 mixture. 

5. Treatment of the sprayed films with COs, either wet or dry, did not 
lead to much increase in soluble copper. It is considered that the increases 
in soluble copper observed can be best explained by assuming that the 
weathered Bordeaux precipitate is an adsorption complex, or a solid solu- 
tion containing copper, lime, and sulphate, the copper of which is soluble 
in water to an extent which varies with its composition. 

6. The appearance of small amounts of soluble copper must be con- 
sidered as a factor in connection with foliage injury, as well as in fungicidal 
action where it may supplement the solvent action of spore excretions 
previously reported. 
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APPARATUS FOR STUDYING EFFECTS OF LOW 
CONCENTRATIONS OF GASES ON PLANTS 
AND ANIMALS 


CARL SETTERSTROM AND P. W. ZIMMERMAN! 


In the study of the effects of long exposure of plants or animals to 


Ss 


low concentrations of a particular gas, precise control of the gas concen- 
tration with a minimum of attention, and at least partial control of other 


important factors such as temperature and humidity, are essential re- 


quirements. 


Apparatus to meet such requirements has evolved largely from studies 

of the effects of sulphur dioxide on plants. In 1915 the Selby Smelter Com- 
mission (3) described a method of fumigating plants which was a great 
advance over methods of previous investigators who had merely added a 


measured amount of sulphur dioxide to a known volume of air inside a glass 


case which contained the plants. Wells of the Selby Commission showed 
that the sulphur dioxide was rapidly absorbed by the glass walls, by the 
plant, and by the soil with consequent decrease in concentration. He, 
therefore, devised a method of blowing air to which had been added an 
approximately known amount of SOs, into long, low cabinets which were 


placed over the plants to be fumigated. 


This type of cabinet, however, had several disadvantages. It was not 
possible to maintain the same concentrations at inlet and at the far end 
of the cabinet and it was difficult to control temperature and humidity. 

O’Gara (4) improved the Selby Commission apparatus considerably. 
He metered the SO, through empirically calibrated flowmeters and meas- 
ured the volume of air going into the cabinets with a pitot tube. His cab- 
inets were six feet square with a height varying upwards from four feet 
depending on the material being treated. The air-gas mixture was blown 
in at the top of the cabinet and distributed uniformly by means of radial 
baffles. As no exit was provided, air leaked out around the bottom of the 
cabinet. SO, concentrations in the cabinets were checked intermittently 
by means of the iodine titration method developed by Selby Smelter Com- 


mission (3, p. 189). 


Hill and Thomas (2) used apparatus similar to that of O’Gara with 
several important exceptions. The cabinets were made more nearly gas- 
tight and an exit was provided for the gas mixture. The volume of air 
entering and leaving the cabinets was measured by means of anemometers 


1 Grateful acknowledgment is made to Mr. R. C. Thompson, engineer at the Boyce 
Thompson Institute, for his valuable assistance in the design and construction of the ap- 


paratus described in this paper. 
Copyright, 1938, by Boyce Thompson Institute for Plant Research, Inc. 
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inserted in the inlet and outlet pipes. Apparatus for metering the SQ, was 
inclosed and thermostated. Humidity control was effected by blowing an 
atomized spray of water, augmented with steam when necessary, into the 
intake pipe. 

The most important contribution to this problem in recent years has 
been the development by Thomas and his associates (7, 9, 10) of auto- 
matic apparatus, autometers, for continuously analyzing air containing 
low concentrations of sulphur dioxide. This apparatus automatically 
draws a given volume of the air-SO, mixture through a known volume of 
absorbing solution in a given length of time. The absorbing solution, a 
slightly acidulated solution of hydrogen peroxide, oxidizes the SO, to 
sulphuric acid, and the change in conductivity of the absorbent is recorded 
on a Leeds and Northrup Micromax electrical conductivity recorder. 

By changing the absorbing solution, and making minor alterations in 
the apparatus, the Thomas autometers can be adapted to record auto- 
matically concentrations of many other gases. Thomas describes a similar 
apparatus for determining COs: (8, 11). Walter (12) reports that the follow- 
ing gases have been determined by measuring conductivity of absorbing 
solution: H2S [absorbed in Pb(OAc)2], SO2 (absorbed in KeCr2O7), NH3; 
(absorbed in pure H.O or in very dilute H2SO,4), CO (absorbed in NaOH), 
O, (absorbed in potassium pyrogallate), C2H. (absorbed in ammoniacal 
CueCl.), CO (absorbed in CueCle), N oxides (absorbed in FeSO,), Cl and 
Br (absorbed in H2O or in alkaline H2O2), and SCle (absorbed in KOH). 

Further improvements in design of fumigating cabinets have been 
described by Zimmerman and Crocker (13). Swain and Johnson (6) washed 
and humidified the air before passing it into their fumigating system. 

In designing the apparatus described in this paper the writers were 
particularly anxious to obtain precise control, with a minimum of care, 
of gas concentrations approximating o.ro part of the gas per million parts 
of air by volume (p.p.m.) for fumigations lasting several weeks. 

The apparatus (Fig. 1) consists of duplicate sets, one for fumigating 
the test material, the other for controls. Each set includes a cabinet in 
which the material is placed during the experiment; a variable speed ex- 
hauster blower and an orifice meter for precise control of the volume of air 
passing through the cabinet; specially designed scrubbers attached to the 
intake side of the blowers to rid the air of SO. and other impurities, before 
allowing it to enter the system, and to effect a partial control of the tem- 
perature and the humidity in the cabinet; a Thomas autometer and a con- 
ductivity recorder for determining sulphur dioxide content of the air in 
the cabinet; a humidigraph for recording the temperature and humidity in 
the cabinet. 

Accurate metering of the gas entering the test cabinet is made possible 
by the use of calibrated capillary flowmeters, a reducing regulator, a sen- 
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Part of the apparatus used for studying the effects of gases on plants and 
ch houses most of the apparatus. B, Close-up of scrubber 


FIGURE I. 
animals, A, Greenhouse whi 
and metering devices with cabinet and autometer in the background, 
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sitive needle valve, and cylinders containing special mixtures of air and 
the gas. 

All the apparatus, except the conductivity recorders, is housed in a 
small greenhouse which is provided with automatic temperature control. 
The conductivity recorders are installed in a laboratory within the Insti- 
tute building. 


DETAILED DESCRIPTION OF APPARATUS 


Gas-air mixture. In working with concentrations approximating 0.10 
p-p.m., unless the volume of air used is greater than 350 cubic feet per 
minute (c.f.m.), the volume of gas metered into the system is less than a 
cc. per minute. Accurate control of the gas flow is facilitated by using a 
mixture of 10 or 5 per cent of the gas and go or g5 per cent air, thereby 
increasing the volume of gas metered 10 or 20 times with consequent 
greater precision. Commercial mixtures of numerous gases with air are 
available on the market. The gas mixtures used at the Institute were pre- 
pared by the Ohio Chemical and Manufacturing Company, Cleveland, 
Ohio. 

When using concentrations greater than 1.00 p.p.m. it is possible to 
obtain precise control with the undiluted gas. 

Metering of the gas. Delicate control of the gas flow is made possible 
by means of a diaphragm reducing regulator and a sensitive needle valve. 
The reducing regulator, equipped with high pressure gauge which measures 
the pressure within the cylinder, and low pressure gauge which registers 
the pressure on the upstream side of the needle valve, enables the main- 
tenance of a constant pressure on the needle valve despite fluctuations in 
tank pressure. 

Calibration of capillary flowmeters. The gas is measured by passing it 
through a calibrated capillary flowmeter. For use with the gas-air mixture, 
a series of flowmeters are calibrated with air. Since flow is a function of 
the square root of density, the figures obtained for air are multiplied by 
the proper factor to correct for the presence of the gas. Air from Institute 
pressure line, dried by passing over calcium chloride, was passed through 
the flowmeter at a given uniform rate, as determined by manometer read- 
ing, and collected over water at atmospheric pressure in calibrated leveling 
bottles. The time for a given volume of air to pass through the flowmeter 
at a given manometer reading was determined with a stop watch. Volume 
readings were corrected for water vapor pressure. 

Since velocity through an orifice varies with the square root of the 
manometer reading, the calibration curve of velocity against manometer 
reading becomes a straight line when plotted on logarithmic coordinates. 

The calibrations were checked by using a mixture of 5 per cent SO, 
and 95 per cent air, absorbing the SO, in a weak solution of hydrogen per- 
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oxide and titrating with standard alkali using methyl red as an indicator. 

Blowers. The air is blown into the fumigating cage by means of a clock- 
wise vertical discharge blower with 18-1/4” diameter wheel, handling up 
to 600 cubic feet per minute. The blower is driven by a 1-1/2 H.P., 1750 
r.p.m., 3 phase, 60 cycle, 208 volt, ball bearing motor with an automatic 
push button starter and speed regulator. 

The speed regulator and a Rockwell sealed gas blast gate which is 
located on the discharge side of the blower together make possible precise 
regulation of the air flow. 

Orifice meter. The volume of air entering the fumigating cabinet is 
measured by means of an indicating orifice meter. The orifice is set in the 
4-inch cast iron pipe, which delivers the air from blower to fumigating 
cabinet, between two flanges which contain the upstream and downstream 
taps for determining differential pressure. There are 38 inches of straight 
pipe in front of the orifice to straighten out any irregularities in flow. 
Seventeen inches of straight pipe are behind the orifice plate to insure com- 
plete restoration of pressure before the air stream is diverted from its 
path. 

Two sizes of orifices are used: one for measuring 20 to too c.f.m., the 
other for measuring 100 to 500 c.f.m. The orifice plates can easily be inter- 
changed. 

Orifice coefficients, supplied by the manufacturer, enable plotting of 
the calibration curve which assumes the form of a straight line on logarith- 
mic coordinates. The effects of temperature and humidity on the specific 
gravity of the air being measured are not of sufficient magnitude to require 
correction. 

The orifice meter has several advantages over other methods of measur- 
ing flow of gases. It has no moving parts to get out of order or require re- 
peated calibration, cost is relatively low, and different ranges of flow can 
be measured merely by changing the orifice plates. 

For a discussion of the theory of the orifice meter and for a comparison 
with other methods of measuring flow, the reader is referred to a paper 
by Dodge (1). 

Fumigating cabinets. The fumigating cabinets are 46 inches high X 34 
inches wide X 82 inches long with cubic capacities of 74.2 cubic feet. They 
are constructed of single strength, B quality, flat drawn glass. The bottoms 
of the cabinets are galvanized iron covered with two coats of white enamel. 
Each cabinet has a removable side door and removable end sections, three 
sections constituting an end. The cabinets are very convenient for treating 
animals or potted plants. Measurements in sunlight with a Lange photo- 
cell with neutral filters show that light intensity is reduced about 16 per 
cent on passing through the greenhouse glass and about 15 per cent on 
passing through the cabinet glass. The total reduction in light intensity 


166 CONTRIBUTIONS FROM BoycE THOMPSON INSTITUTE [Vor. 9 


on passing through both the greenhouse and the cabinet glass is, there- 
fore, about 29 per cent. 

The air passes from the 4-inch pipe through a wrought iron truncaded 
hollow pyramid 23 inches long into a 10” X27” opening at the top of one 
end of the cage. The air leaves the cabinet at a similar opening at the 
bottom of the same end and is shunted through a 10” X27” wrought iron 
vent to the outside of the greenhouse where a 180° elbow turned back on 
the house reduces possible back draft. 

Careful dispersion tests indicate that the air blown into the cabinet is 
uniformly dispersed throughout. 

Thomas autometers. The air-gas mixtures are sampled automatically by 
means of the Thomas autometers (7, 9, 10). One autometer usually is 
connected with the inlet and with the outlet of the test cabinet, another 
with the inlet of the control cabinet and with the atmosphere outside the 
greenhouse. 

Changes in conductivity of the absorbing solution are measured by 
means of platinum electrodes and recorded on the chart of a Leeds and 
Northrup Micromax conductivity recorder. The recorder is equipped with 
a control mechanism which is used to ring a bell when the conductivity 
reaches a certain point, thus giving warning when the gas concentration 
in the cabinet becomes too high. 

The electrode-recorder system including the temperature compensator 
must be calibrated for the gas that is to be measured. For use with sulphur 
dioxide, the system was calibrated with H2SO, of normalities ranging from 
0.001 to 0.00001. Knowing the normality corresponding to a given resis- 
tance on the recorder scale, and knowing the volume of absorbing solution, 
it is a simple matter to determine the equivalent volume of SOs. With this 
figure, and that of the volume of air used to supply the equivalent volume 
of SOs, the figure for p.p.m. is readily obtainable. For example, assume 
6.81 cubic feet of a mixture of SO: and air at 20° C. and 755 mm. of mer- 
cury are drawn through roo cc. of absorbing solution with original resist- 
ance of 4000 ohms, and that the resistance of the solution then decreases 
to 2600 ohms. Consulting the calibration curves, resistances of 4000 ohms 
and of 2600 ohms are found to correspond, let us assume, to 0.0000582 N 
and 0.0000870 N sulphuric acid. Neglecting the correction for barometric 
pressure, the equivalent volume of SOs, is then found to be 

I0O _ 22,400 


(0.0000870 — 0.0000582) K —— 


293 
TOOO 2 4 


X— =0.0346 cc. 
273 


A volume of 0.0346 cc. of SO: per 6.81 cubic feet of air gives a concentra- 
tion of 0.18 p.p.m. If the temperature and the volume of air sampled per 
period are maintained constant, parts per million become directly propor- 
tional to normality and can be read from the recorder chart by means of 
calibrated rules. 
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Theoretical concentrations, established with the capillary flowmeters 
and the orifice meter, agree very well in all cases with concentrations as 
recorded by the autometer-recorder system. 

Scrubbers. In the course of experimental work with low concentrations 
of sulphur dioxide, it was soon discovered that considerable concentrations 
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FiGURE 2. Diagram of scrubber used to remove sulphur dioxide from 
the air which is passed into the fumigating systems. 


of that gas prevail in the atmosphere at Boyce Thompson Institute (5). 

In order to rid the air of sulphur dioxide before allowing it to pass into 
the fumigating systems, specially designed scrubbers were attached to the 
intake side of the blowers. The SO, is removed and partial humidity and 
temperature control is effected by bubbling the air through a constantly 
changing supply of tap water (pH 7.1 to 7.3). Details of this SO2 absorp- 
tion system are shown in Figure 2. The SO: removal efficiency is from 93 
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to roo per cent (Fig. 3). Other water soluble gases, dust particles, etc. are 
also removed by the scrubbers. 


APPLICATIONS OF APPARATUS 


The apparatus described has been used for studies of the effects of 
sulphur dioxide on plants and on guinea pigs and mice. It has given satis- 
factory service for over a year of almost continuous operation with con- 
centrations of SO, varying from o.1o to 60 p.p.m. Experiments have run 
for 25 days at 0.10 p.p.m. without fluctuating in concentration more than 
+ 0.02 p.p.m. 

With minor changes the apparatus can be adapted to study the effects 
of many other gases such as carbon dioxide, ethylene, chlorine, hydro- 
chloric acid gas, and ammonia. 

SUMMARY 


An apparatus for studying the effects of long exposure of plants or 
animals to various gases is described in detail. The apparatus has given 
satisfactory service for over a year of almost continuous operation with 
concentrations of SO, varying from o.10 to 60 p.p.m. 
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SULPHUR DIOXIDE CONTENT OF AIR 
AT BOYCE THOMPSON INSTITUTE 


CARL SETTERSTROM AND P. W. ZIMMERMAN 


In the course of experimental fumigations with low concentrations of 
sulphur dioxide, it was soon discovered that measurable concentrations 
of that gas prevail in the atmosphere at Boyce Thompson Institute. In 
view of the importance of sulphur dioxide as an atmospheric contaminant, 
and in view of the wide disagreement as to the harmful effects to plants 
of low concentrations of the gas, it was felt that a continuous record of 
sulphur dioxide concentrations in the atmosphere at the Institute would 
be of considerable interest. Such a record has been kept from November 1, 
1936 to November 1, 1937, with minor interruptions, and is summarized 
herein. 

The presence of considerable quantities of sulphur dioxide in the 
atmosphere in and about industrial cities has been established by Betz, 
Holden, and Handy (1), Meller (4), Holmes, Franklin, and Gould (3), 
the Air Hygiene Foundation (5), and others. These investigators, however, 
made individual determinations of SO, at varying intervals, none of them 
attempting to keep a continuous record of the prevailing concentrations. 


METHODS 


Automatic, continuous determination of sulphur dioxide concentra- 
tions was made possible by use of the sampling mechanism, or autometers, 
developed by Thomas and his associates (8, 9, 10). Concentrations were 
continuously recorded on Leeds and Northrup Micromax conductivity 
recorders. The autometer-recorder system is described in a previous paper 
(7). The system was calibrated with solutions of sulphuric acid of known 
normality, and the calibrations checked by sampling known concentra- 
tions of SOse. 

This system is not specific for sulphur dioxide because other acid gases 
will bring about a similar change in conductivity of the absorbing solution. 
The iodine titration method developed by Griffin and Skinner (2) was, 
therefore, used at intervals for independent determinations. The consistent 
agreement between the iodine and conductivity methods supports the as- 
sumption that the gas measured by the conductivity system was sulphur 
dioxide. 

The autometers were operated on a 32-minute sampling schedule. 
Chart readings were made, therefore, every 32 minutes except where the 
slope of the conductivity recording indicated sharp variations in concen- 
tration within that period. In the latter event, average concentrations 
were determined over shorter periods of time. 


Copyright, 1938, by Boyce Thompson Institute for Plant Research, Inc. 
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SUMMARY OF DETERMINATIONS 


The results of the continuous sulphur dioxide determinations are sum- 
marized in Table I. For the year period, the average concentration, includ- 
ing zero readings, was 0.033 part of sulphur dioxide per million parts of air 
by volume (p.p.m.). Maximum concentration recorded was 0.75 p.p.m. 
Sulphur dioxide was present, in concentrations of 0.01 p.p.m. and over, 
62.2 per cent of the time. 


TABLE I 


SUMMARY OF CONCENTRATIONS OF SOs IN THE ATMOSPHERE, AT BoYCE THOMPSON 
INSTITUTE, YONKERS, New YorK, NOVEMBER 1, 1936 TO NOVEMBER I, 1937 


Hours 
re- %time | %time | %time | %time | % time 
AMsath corder| conc. was | conc. was | conc. was | conc. was} conc. was| Max. | Av. 

was |0.01 p.p.m.|o.10 p.p.m.|0.20 p.p.m.| 0.30 p.p.m.| 0.40 p.p.m.|} conc. | conc. 

oper- jand abovejand aboveland abovejand abovejand above 

ating 
November 707 89.6 Wax 0.5 o.1 o.1 0.44 | 0.040 
December 726 79.5 15.6 ara oO.I o.1 0.54 | 0.049 
January 735 82.3 14.9 3-4 1.4 0.4 0.69 | 0.049 
February 634 WSi3 mas haat Terk 0.0 0.75 | 0.046 
March 742 67.0 bes 1.0 One Out ©.41 | 0.030 
April 720 53-8 Wat! foley, 0.0 0.0 ©.25 | 0.029 
May 739 57-6 Bag 0.5 o.I 0.0 ©.33 | 0.029 
June 607 Aza 1.9 TS 0.0 0.0 ©.20 | 0.016 
July 741 38.1 Bove: 0.6 o.1 0.0 0.34 | 0.020 
August 478 Gitee Q.0 0.4 0.0 0.0 0.21 | 0.028 
September 720 Oma 7.4 reo 0.3 0.0 ©.30 | 0.029 
October 360 Biers 6.8 0.3 0.0 0.0 ©.29 | 0.026 
November 1, 
1936 to No- | 7999 62.2 8.4 Tid, 0.28 0.06 6.75 | 0.033 
vember 1, 
1937 


Seasonal variation of concentration shows that heating plants are a 
source of considerable of the sulphur dioxide in the air around the Boyce 
Thompson Institute. So-called ‘“‘more important occurrences” of the gas 
are listed at considerable length in Table II in order to give a fairly com- 
plete picture of the magnitude and duration of the visitations of the gas. 

In connection with the effects of sulphur dioxide on plants grown in 
greenhouses, it is important to know the relationship of greenhouse con- 
centrations to atmospheric concentrations. A study of this relationship 
was made and the results are summarized in Table III. 

The greenhouse used for this study is a semi-iron greenhouse 14'4” 
wide by 25’5-3/4” long, with two complete glass gables. The study of 
greenhouse concentrations was made during January, and the ventilators 
were completely closed during the night and partly opened from about 
g:o0 A.M. to 3:30 P.M. in accordance with the accepted practice in 
greenhouse management. 


aa 


1938] 


SETTERSTROM & ZIMMERMAN—SULPHUR DIOXIDE IN AIR 


173 
TABLES LI 
List oF THE More IMPORTANT OCCURRENCES OF SO: IN THE ATMOSPHERE AT 
Boyce THOMPSON INSTITUTE 
NOVEMBER I, 1936 TO NOVEMBER I, 1937 
Tae Time Total hrs, | Av. conc. Max. conc 
of gas in p.p.m. in p.p.m 
Nov. 1- 6 12:01 A.M.— 8:54 A.M. 128.9 0.055 0.18 
Nov. 7-9 1:04 P.M.— 1:42 P.M. 48.6 0.041 0.36 
Nov. 9-10 4:23 P.M—12:16 P.M. 19.9 0.064 0.17 
Nov. 11-12 IO:50 A.M.— 4:38 A.M. 17.8 0.007 OnlZ 
Nov. 12-14 7217 A.M.—12:23 A.M. Alea 0.084 0.36 
Nov. 14-15 3:04 A.M.— 3:47 A.M. 24.7 0.076 0.20 
Nov. 19-21 2:16 P.M. 10:12 A.M. 43-9 0.059 0.23 
Nov. 24-26 2:13 AM— 4:55 A.M. 50.8 0.041 0.44 
Nov. 28-29 12:36 A.M— 3:19 A.M. 26.7 0.047 0.32 
Nov. 30—Dec. 1 11:18 P.M.-10:35 A.M. TeLees 0.027 0.31 
Dec. 1I- 2 5°34 P.M— 6:27 A.M. 1210 0.023 0.46 
Dec. 2-3 9:21 P.M.— 4:09 P.M. 18.8 0.056 0.15 
Dec. 3= 4 5:46 P.M 9:21 A.M. 15.6 0.053 0.14 
Dec. 5— 6 8:28 A.M.— 2:35 A.M. 18.1 0.037 0.28 
Dec. 6— 7 5:49 A.M.— 4:22 A.M. 22.5 0.061 Onur 
Dec. 7 8 9:02 P.M.— 9:56 A.M. 12.9 0.041 Oneik 
Dec. 8&9 4:23 P.M.— 2:04 A.M. ‘On 0.045 O88 
Dec. 10 12:32 P.M. 9:46 P.M. Osu 0.106 0.53 
Dec. 10-12 10:18 P.M.— 8:58 A.M. BAe 0.060 0.55 
Dec. 12 9:30 A.M.-II:36 P.M. 13-9 0.085 Op 109) 
Dec. 13-14 12:08 A.M.— 4:40 P.M. 40.5 0.081 0.32 
Dec. 14-15 6:18 P.M.— 5:02 P.M. DO 0.076 Ons 
Dec. 17 4:45 A.M.—10:44 P.M. 18.1 0.073 Ons 
Dec. 17-19 FLE1G PM) 102 AM. 25.8 0.049 o.11 
Dec. 21-23 4:47 P.M. 6:13 A.M. 37-4 0.044 Og ut 
Dec. 23-24 8:58 A.M.— 6:12 P.M. BBS O.114 0.25 
Dec. 25-26 11:16 A.M.—10: 28 P.M. 35.2 0.109 0.51 
Dec. 27-28 5:28 A.M.— 3:03 A.M. 21.6 0.085 0.19 
Dec. 31 6:32 A.M.— 5:12 P.M. 10.7 o.141 027; 
jane 3; 1037 8:08 A.M.-12:14 P.M. Aer 0.096 0.18 
Jans, 4-6 4:32 P.M.— 8:16 A.M. 20in7, 0.104 0.30 
Jan, 7-9 8:22 A.M.-I0:50 A.M. 50.5 0.138 0.69 
Jans. 15 8:02 A.M.— 1:12 P.M. Bae 0.064 Ours 
Jan. 11-12 6:02 P.M.-I1:42 A.M. iY fo) 0.095 0.20 
Jan. 13=15 1352 P.M.— 6:34 A.M. 40.7 0.070 0.26 
Sasi 55 7:07 A.M.— 9:37 P.M. 14.4 0.052 0.20 
Jan. 18-19 10:25 A.M.-11:18 A.M. Pea 0.042 0.16 
Jana’ 21-24 7:29 A.M— 3:14 P.M. 79.9 0.089 0.33 
Janine 24525 5554 P.M. 1:40.P.M. EQ 0.051 0.20 
Vane 25227 2:12 P.M— 5:57 A.M. 39.8 0.037 O.11 
Jan. 27-28 9:09 A.M.- 8:37 A.M. Dk 15 0.046 0.12 
Jan. 29 2:27 P.M.— 7:15 P.M. 4.8 0.083 Omg 
Jan. 29-30 7°47 P.M.-12:35 A.M. 4.8 0.074 On D5 
Jan. 30 3:15 A.M.-10:47 A.M. i feis 0.060 Or 10 
Jan. 30-31 4239 P.M.— 2:15 A.M. 9.6 0.050 o.II 
Heb 2-65 3:41 P.M.— 2:10 A.M. 58.5 0.057 °.14 
Feb. 5- 6 4:22 P.M.-10:30 A.M. 18.1 0.043 0.10 
Feb. 6-7 12:38 P.M.- 7:50 A.M. 19.2 0.061 On2n 
Feb. 9-10 3151 A.M.—12:34 P.M. Boosts 0.109 0.36 
Feb. 11-14 1:06 P.M. 3:46 A.M. 62.7 0.076 0.33 
Feb. 14 9:38 A.M.— 3:30 P.M. 51a 0.060 0.19 
Feb. 16-17 Sony ees On Te PsM, 210 0.066 O.II 
Feb. 19-20 1:47 A.M.—II:15 P.M. 45-3 0.106 On75 
Feb. 23-24 4:08 P.M.— 5:28 A.M. nes} 0.090 0.24 
Feb. 24-25 9:02 P.M.-11:32 A.M. 14.4 Onan 0.38 
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Date Time 
Mar. 3- 4 10:19 P.M.— 8:02 P.M. 
Mar. 6 5:57 P.M.-I1:17 P.M. 
Mar. 8 12:21 A.M—12:37 P.M. 
Mar. 8— 9 2:59 P.M.— 1:39 A.M. 
Mar. 11-12 4:38 P.M.— 7:02 A.M. 
Mar. 12 9:58 A.M.— 3:50 P.M. 
Mar. 12-13 4:22 P.M.— 1:10 P.M. 
Mar. 15-16 10:12 P.M.— 6:44 A.M. 
Mar. 20 5:11 A.M.-12:42 P.M. 
Mar. 24 4:45 A.M.— 2:59 P.M. 
Mar. 25-26 4:16 P.M.— 7:44 A.M. 
Mar. 31 7:13 A.M.— 3:47 P.M. 
Mar. 31—Apr. 1 AiO P.M.— 7515 A.M, 
Apr. I- 2 7:07 P.M.— 9:43 P.M. 
Apr. 3 3:03 A.M.- 4:57 P.M. 
Apr. 6 4:17 A.M.— 3:20 P.M. 
Apr. 8 4:48 A.M.— 8:20 P.M. 
Apr. 9-10 TO:12 A.M.— 5:56 A.M. 
ENO 1 2:22 A.M.— 6:30 P.M. 
Apr. 13-14 8:22 A.M. 9:44 A.M. 
Apr. 14-15 10:32 P.M—Ir:755 A.M, 
Apr. 16-17 12:11 A.M— 1:54 A.M. 
Apr. 17-18 207 ‘PMs 45 7 PM. 
Apr. 18-19 6:33 P.M.— 1:23 P.M. 
Apr. 23 12:49 A.M.- 6:36 P.M. 
Apr. 28-29 9:41 P.M.— 4:31 P.M. 
May 2 1:42 A.M.-12:24 P.M. 
May 3 2:16 A.M.— 3:47 P.M. 
May 3-4 6:30 P.M.— 3:31 A.M. 
May 4-5 10:31 P.M.— 1:27 P.M. 
May 7- 8 5:32 P.M. 1231 A.M. 
May 9 6:25 A.M.— 6:09 P.M. 
May 11-12 5°55 P.M.— 2:50 P.M. 
May 12-13 4:58 P.M.— 9:15 P.M. 
May 13-14 10:18 P.M.— 2:03 P.M. 
May 15 10:50 A.M.— 4:10 P.M. 
May 19 10:16 A.M.— 7:20 P.M. 
May 22 4:21 A.M.— 5:09 P.M. 
May 25 1:06 A.M.— 8:02 A.M, 
May 25-26 6:11 P.M.- 3:01 P.M. 
May 26-27 8:21 P.M.— 8:05 A.M. 
May 28 12:37 A.M— 9:41 AM. 
May 30 12:05 A.M.-1I:49 A.M. 
June 1 3:38 A.M.— 2:47 P.M. 
June 8-9 10:20 P.M.—. 1:35 P.M. 
June 9-10 6:23 P.M.— 1:32 P.M. 
June 18 2:49 A.M.— 8:24 P.M. 
June 21 I:12A.M.— 4:40 P.M. 
June 30 1359 A.M.-10!34 A.M, 
July 4-5 ‘OI P.M.-10:53 A.M. 
July 6-7 7°41 A.M.-I1:25 A.M, 
July 15-16 5:32 P.M— 1:16 P.M, 
July 22 4:46 AM. 3:58 P.M. 
July 22-23 11:26 P.M— 5:02 P.M. 
July 23-24 9:50 P.M.—I1:40 A.M. 
July 24-25 9:48 P.M.— 4:12 A.M. 
July 25 7:56 A.M.— 2:20 P.M. 
July 25-26 0.10 P.M" 3021 P.M: 
Aug. 4 5:36 A.M.— 4:20 P.M, 
Aug. 4- 5 9:08 P.M.— 3:48 P.M. 
Aug. 5- 6 8:04 P.M.— 2:00 P.M. 


Total hrs. 
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TABLE II (Continued) 
Aug. o 6:32 A.M.— 5:44 P.M. Tetaye 0.102 0.22 
Aug. 9-10 10:00 P,.M.— 2:32 P.M. Ons 0.099 0.17 
Aug. 12 Bi53 AM— 2:57 P.M, Q.1 0.071 0.21 
Aug. 12-13 9:53 P.M.— 2:09 A.M. Ae 0.065 oO.1I 
Aug. 15-16 8:48 P.M— 3:44 A.M. 6.9 °.080 Open 
Aug. 16-17 7:38 P.M— 3:38 A.M. 8.0 0.071 0.15 
Aug. 19-20 IIl:57 P.M. 3:26 P.M. ea 0.053 0.16 
Aug. 20-21 6:06 P.M.-11:44 A.M. fo) 0.070 0.19 
Aug. 27 6:14 A.M.— 3:50 P.M. 9.6 0.078 Oars 
Aug. 29 3:08 A.M— 7:23 A.M. Ane 0.084 0.16 
Sept. 6- 7 I1:02 P.M.-12:22 P.M. TIES 0.061 0.30 
Sept. 10 12:38 A.M.—T11?18 A.M. 10.6 0.007 On27 
Sept. 14-15 11:24 P.M. I:50 P.M. 14.4 O32 0.30 
Sept. 16-17 10:22 P.M.-10:38 A.M. 22 Ve AO) On3i5 
Sept. 18-19 11:58 P.M.—10:38 A.M. 10.6 0.099 0.18 
Sept. 23 1:32 A.M— 7:40 P.M. 18.1 Onhr7, 0.28 
Sept. 23-24 8:12 P.M.— 2:20 P.M. Tone 0.048 0.16 
Sept. 24-25 8:44 P.M.— 3:16 A.M. 6.5 0.090 0.28 
Sept. 25-26 7213 P.M.— 1:21 P.M. 18.5% 0.057 0.16 
Oct. 17-18 1:48 P.M.— 9:36 A.M. 20\. 2 0.073 Onl 2 
Oct. 18-19 At RP) Mie. 8 Al PAM 208 0.056 Onn 
Oct. 21-22 2:28 P.M.-12:47 P.M. BN 0.004 0.19 
Oct. 25-26 4:21 P.M.-10: 209 A.M. 18.1 0.084 0.29 


Determinations for the period October 1—15 are not included in this report because of 
possible occasional contamination from a nearby experimental fumigation with animals at 
a concentration of 63 p.p.m. of sulphur dioxide. 


TABLE III 
SUMMARY OF RELATIONSHIPS BETWEEN CONCENTRATIONS IN P.P.M. OF SULPHUR DIOXIDE 


IN THE ATMOSPHERE AND IN THE AIR OF A SMALL GREENHOUSE 


Ay. of concs.| Av. of concs.|Av. of concs. Maino Mininin 
Av. con- -atmos. -atmos. -atmos. ly SoS IAT i adi a: 
centration concs. concs. concs. aie featien 
above zero | above o.10 | above o. 20 
Ventilators partly open 
236 concurrent 32-minute runs 
Atmosphere 0.042 0.062 0.139 0.23 0.26 ° 
Greenhouse 0.039 0.057 0.129 Chai 0.26 fe) 
Greenhouse 
———— 93% 92% 93% 91% 100% 
Atmosphere 
Ventilators completely closed 
509 concurrent 32-minute runs 
Atmosphere 0.044 0.057 0.161 0.283 One3 ° 
Greenhouse 0.031 0.039 0.007 0.166 0.20 fo) 
nhouse 
pee | 1% 68% 00% 30% | 61% 
Atmosphere 


SOURCES OF THE SULPHUR DIOXIDE 


The Boyce Thompson Institute is located in a lightly populated sub- 
urban residential district on the outskirts of an industrial area. Hourly 
correlation of SO concentrations with wind direction indicates that the 
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sulphur dioxide comes largely from New York City (15.4 miles SSW to 
Times Square which marks the approximate center of the metropolitan 
area). Some of the gas comes from industrial and domestic heating plants 
in Yonkers (2.7 miles S), and some small amounts of the gas come from 
industrial plants in Hastings (1.8 miles NNE) and from the Boyce Thomp- 
son Institute heating plant (stacks 76 feet high, 100 feet NNE of sampling 
station). The Boyce Thompson plant is the only possible local source of 
the gas, and the fact that only low concentrations of short duration have 
been recorded when the wind is from the northern sector, NE to NW, in- 
dicates that this local source is of minor importance. (See Fig. 1.) 

Sulphur dioxide in city atmospheres comes largely from the burning of 
coal. According to estimates of the United States Department of Com- 
merce as contained in a letter from that department dated August 12, 
1936 and signed by Paul L. Hopper and J. J. W. Palmer, the annual con- 
sumption of bituminous coal in New York City is eleven million tons. Bitu- 
minous coal of the type entering the New York market would run perhaps 
1.5 per cent sulphur so that by the consumption of eleven million tons, 
330,000 tons of SO, are thrown into the atmosphere. There also enter the 
New York market some eight million tons of anthracite coal which would 
run about rt per cent sulphur, throwing into the air an additional 160,000 
tons of SOs. If fuel oil and gasoline consumption are also considered, it 
seems likely that the amount of sulphur dioxide thrown into the air of New 
York City is on the order of 2,000 tons per day. Estimates (6) based on 
a recent WPA Air Pollution Survey show that, exclusive of the discharge 
from internal combustion engines, the amount of sulphur dioxide dis- 
charged into the atmosphere of New York City during 1934 averaged 1989 
tons per day. 


CONDITION OF VEGETATION 


It is interesting to note that the presence of sulphur dioxide in the air 
at Boyce Thompson Institute in measurable concentrations was not sus- 
pected until the present study was undertaken. 

The many plants grown throughout the year in the Institute green- 
houses, and the vegetation in and about the Institute grounds, are con- 
sidered comparable to greenhouse plants and vegetation growing in sul- 
phur dioxide-free areas. Located near the Institute are many well known 
gardens. 

The evidence seems to indicate that the low concentrations of SOs 
prevailing in the atmosphere at the Institute have no harmful effect on 
the plants, despite the fact that the high yearly rainfall (45 inches) and 
relatively high average humidity (60 per cent) would tend to make the 
plants more susceptible to SO, than plants growing in drier areas. 


i 
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SUMMARY 


The sulphur dioxide content of the prevailing atmosphere at Boyce 
Thompson Institute was determined continuously from November 1, 
1936 to November 1, 1937, with minor interruptions. 

For the year period, the average reading including zero readings was 
0.033 p.p.m. Maximum concentration recorded was 0.75 p.p.m. The gas 
was present, in concentrations of o.or p.p.m. and over, 62.2 per cent of the 
time. 

Correlation of SO. concentrations with the wind direction indicates 
that the sulphur dioxide comes largely from New York City (15.4 miles 
SSW to Times Square which marks the approximate center of the metro- 
politan area). 

A study of the relationships between concentrations of sulphur dioxide 
in the atmosphere and in the air of a greenhouse shows that greenhouse 
concentrations are approximately 90 per cent of atmospheric when ventila- 
tors are partly open, 60 per cent when ventilators are closed. 

The fact that the many plants grown throughout the year in the Insti- 
tute greenhouses are considered comparable to plants grown in areas where 
there is no sulphur dioxide, is an indication that exposure to sulphur diox- 
ide in the prevailing concentrations and durations has no unfavorable 
effect on plant life. 
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EFFECT OF LOW CONCENTRATIONS OF SULPHUR 
DIOXIDE ON YIELD OF ALFALFA 
AND CRUCIFERAE 


CARL SETTERSTROM, P. W. ZIMMERMAN, AND WILLIAM CROCKER 


Sulphur dioxide, as one of the gaseous products of the burning of coal 
and of some industrial operations, is released into the atmosphere of indus- 
trial centers in large quantities. Recent studies by the Air Hygiene Foun- 
dation (11), the National Research Council of Canada (7), the United 
States Department of Agriculture (23) and the Boyce Thompson Insti- 
tute (16) reveal that measurable concentrations of sulphur dioxide prevail 
over large areas surrounding these industrial centers. 

The injurious effects of sulphur dioxide on plants have been discussed 
at length and in detail over a period dating back to the work of Stéckhardt 
(18) in 1848. Investigators are in general agreement that concentrations 
of the gas on the order of 1 p.p.m. will cause typical foliar markings on 
more sensitive species in a few hours under favorable conditions, and that 
higher concentrations may cause complete defoliation and death. 

Investigators do not agree, however, on the effects of long exposure of 
plants to low concentrations of the gas which do not produce visible mark- 
ings; concentrations such as prevail over the larger part of the areas sub- 
jected to fumes of sulphur dioxide. 


INVISIBLE INJURY 


Proponents (4, 6, 19, 24) of the “‘invisible injury”? theory maintain 
that the gas is harmful in all concentrations and under all circumstances; 
that it always has an adverse effect on yield. Some opponents (5, 20) of 
this theory believe that the gas does not reduce yield unless it causes mark- 
ings. Other opponents (13) maintain that exposure to low non-marking 
concentrations stimulates growth. 

The implications of the ‘‘invisible injury theory”’ are of considerable 
importance to industrial as well as to agricultural interests. As Swain (20) 
has emphasized, if this theory be correct then any industrial operation 
which contributes sulphur dioxide to the atmosphere is not merely a po- 
tential but an actual agent of injury, and the subject of injunctive relief 
as a nuisance in the eyes of the law. 

Until recently, however, no convincing experimental evidence on the 
effects of low non-marking concentrations had been presented. Wieler 
(24), Stoklasa (19), Bredemann (1, 4, p. 285), Janson (6), and other “‘in- 
visible injury’’ supporters based their arguments on field observations, 
which are at best beset by numerous uncontrolled variables, and on the 
assumption that SO, interferes with the assimilative processes. 


Copyright, 1938, by Boyce Thompson Institute for Plant Research, Inc. 
(179) 
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O’Gara (13), whose experimental work marked a great advance in the 
study of the effects of sulphur dioxide, declared that in all the cases where 
he treated plants he found an actual stimulation of growth until he reached 
a point where visible injury was produced. Data of Hill and Thomas (5) 
indicate that sulphur dioxide has no effect on yield of alfalfa unless it pro- 
duces visible effect. But these studies of O’Gara and of Hill and Thomas 
were concerned with the causes and consequences of visible injury rather 
than with the effects of non-marking concentrations. 

Within the past year, however, three noteworthy studies on the effects 
of low non-marking concentrations of sulphur dioxide have appeared in 
the literature. Swain and Johnson (21) report that exposure to low con- 
centrations for considerable periods of time had no measurable effect on 
the yield of wheat grown in nutrient solutions under ideal conditions of 
light, temperature, and humidity. 

Thomas and Hill (22), as a result of intensive studies of the relation 
of sulphur dioxide to photosynthesis and respiration of alfalfa, present con- 
vincing evidence that in fumigations which did not produce visible injury 
there was no “invisible injury” either to protoplasm or other plant struc- 
ture. Katz and Ledingham (8, g) describe assimilation studies substantiat- 
ing the conclusions of Thomas and Hill, and also present considerable 
quantitative data on gross yield of alfalfa plots fumigated with sulphur 
dioxide as compared with control plots. These data show that prolonged 
sulphur dioxide treatment without leaf injury had no significant effect 
on yield. 

None of these studies, however, attempted to determine the “‘invisible”’ 
effects of sulphur dioxide under conditions unfavorable to plant growth 
such as are frequently encountered in actual practice. 

The experiments conducted at Boyce Thompson Institute, and re- 
ported in the present paper, were designed to study the effects of low con- 
centrations on plants grown under different conditions. Water supply, 
nutrient supply, sulphur content of nutrient supply, and age of plants 
were varied to simulate many of the conditions encountered in the field. 


DESIGN OF EXPERIMENTS 

The design of the fumigation experiments for statistical treatment was 
in accordance with the suggestions of W. J. Youden of this Institute. The 
following discussion of the lay-out of the experiments and of the statisti- 
cal treatment of the yield data has been adapted from an unpublished 
memorandum written by Dr. Youden and from an introduction to a paper 
by Fisher and Wishart (3). 

The experiments are of a factorial type. A number of factors (such as 
SO2, HO, nutrient supply, and sulphur content of nutrient supply) were 
studied simultaneously. This scheme permits the mobilization of the 
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entire experiment back of each contrast (such as SO» vs. check). A great 
improvement in precision results from the large number of plants in- 
volved and the consequent minimizing of chance deviations of individual 
plants. Great dependence may be placed on the results because the con- 
trast (such as SQ, vs. check) rests on a broad basis of varied conditions 
(such as different H.O, nutrient and S levels) rather than on some arbi- 
trary set running through the whole group. Factorial experiments of this 
nature are especially adapted to determining whether the effect of some 
factor is more pronounced under some conditions than others. More re- 
liance may be placed upon the results than if separate experiments were 
performed because in the latter case a second lot of plants introduces a 
new variable if the plants are grown in a different space or at a different 
time. 

The interpretation of such complex experiments follows a logical and 
systematic contrasting of pairs (or groups) of plants, the numbers of each 
pair having been given identical treatment save in respect to the factor 
under investigation. The same data regrouped into different pairs bring 
out some other factor and so in turn each condition may be investigated. 
The results, of what in using the older methods would have constituted 
several separate experiments, may be freely intercompared. This is an 
advantage often sacrificed when separate experiments are involved since 
it is difficult to give the several experiments the same starting material, 
care, temperature, etc. 

The yield data obtained from these experiments have been subjected 
to statistical analysis by the method of the analysis of variance developed 
by Fisher (2). The analysis of variance is recognized as a standard method 
of evaluating results. The procedure is impartial and the final decision 
rests on the verdict of the tables published in statistical works. All the 
data are used instead of some particular case which happens to illustrate 
the point at hand and which, being an isolated case, may have been an 
example of extreme variation occurring naturally. 

Statisticians have established with exactness what the required magni- 
tudes of the ratio 


(difference arising from an imposed factor)? 


(difference between duplicates)? 


must be, for experiments involving various numbers of individuals, if 
significance is to be attached to the result. It is true that the statistician 
expresses his results in terms of probabilities and not as certainties; that 
is, he finds that a certain difference between two means could have oc- 
curred by chance, not more than, say, once in 20 trials. But by fixing an 
appropriate standard of significance which is widely recognized he dis- 
tinguishes between the results which should be ignored and those which 


182 CONTRIBUTIONS FROM Boyce THOMPSON INSTITUTE [VoL. 9 


should form the basis of his conclusions. In the analyses of variance pre- 
sented in this paper, differences which could have occurred by chance not 
more than once in 20 trials are termed significant, differences which could 
have occurred by chance not more than once in too trials are termed 
highly significant. 

APPARATUS 

The apparatus used in this study consists of duplicate sets, one for 
fumigating plants with sulphur dioxide, the other for controls. Each set 
includes a cabinet of special design and construction in which the plants 
are placed during the experiment; a variable speed exhauster-blower and 
an orifice meter for precise control of the volume of air passing through 
the cabinet; specially designed scrubbers attached to the intake side of 
the blowers to rid the air of SO, before allowing it to enter the system and 
to effect a partial control of the humidity in the cabinet; a Thomas 
autometer and Leeds and Northrup conductivity recorder for determining 
sulphur dioxide content of the air in the cabinet; a Bristol humidigraph 
for recording the temperature and relative humidity in the cabinet. 

Accurate metering of the sulphur dioxide entering the test cabinet is 
made possible by the use of calibrated capillary flowmeters, a reducing 
regulator, a sensitive needle valve, and a cylinder containing a special 
mixture of 5 per cent sulphur dioxide and g5 per cent air. 

All the apparatus, except the conductivity recorders, is housed in a 
small greenhouse which is provided with automatic temperature control. 
The conductivity recorders are installed in a laboratory of the Institute 
about 20 feet from the greenhouse. 

In every experimental fumigation the concentration of SO, in the test 
cabinet as calculated by readings of the calibrated capillary flowmeter 
and calibrated orifice meter was in close agreement with the continuous 
record of the conductivity recorder and with occasional determinations 
with the iodine method. 

In the yield experiments the sets of apparatus were alternately used 
for fumigation and for control in order to offset any possible advantage 
of one cabinet over the other. 

For a detailed description of the apparatus see a previous paper by 
Setterstrom and Zimmerman (15). 

EXPERIMENTAL PROCEDURE 

In order to obtain material with varying sulphur content the plants 
used in these experiments were grown from seed in 5-inch pots containing 
sand, and were watered twice weekly with nutrient solutions containing 


varying amounts of sulphur. In preparing these nutrient solutions the 
following aqueous stock solutions were used: 
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5% Potassium nitrate (IK. NOs) 
5% Potassium acid phosphate (IKKH2PO,4) 
10% Calcium nitrate Ca(NOs3)o 
5% Magnesium sulphate (MgSO,) 
3.95% Magnesium chloride (MgClz) 
5% Potassium sulphate (K2SO,4) 
1% Ferric chloride (FeCls) 


To prepare a liter of nutrient solution, the following were added to 500 cc. 
of distilled water and the resultant solution made up to a liter: 


t. One cc. ferric chloride solution and twenty-five cc. each of the 
potassium nitrate, potassium acid phosphate, and calcium nitrate 
stock solutions. 

. The volumes of magnesium chloride, magnesium sulphate, or 
potassium sulphate stock solution listed below for the particular 
nutrient solution. 


to 


Experiments No. 1 and 2 


Solution number Added ingredients YS 

I 50 cc. K2SO, 0.079 
25 cc. MgSO, 

2 25 cc. KeSO4 0.056 
25 cc. MgSO, 

at 25 cc. MgSO, 0.033 

4 25 cc. MgCl. 0.000 

5 20 cc. MgSO, 0.026 
5 cc. MgCl. 

6 15 cc. MgSO, 0.020 
1o cc. MgCl 

7 1o cc. MgSO, 0.013 
15 cc. MgCl, 

8 5 cc. MgSO, 0.007 


20 cc. MgCl, 


**Normal’’ supply of sulphur. 


Experiments No. 3, 4, and 5 


> BAS Clan aU 4. 2 sac. Mes), 0.083 
me a5 oc. MgSO, 0.033 
Ss- to.6 cc. MgSOu, 15 cc. MgCle 0.013 


*Normal”’ supply of sulphur. 


When ready for fumigation the pots containing the plants were, in 
every case, assigned to the fumigation or to the control cabinet solely by 
chance—either by tossing a coin or by drawing lots. 
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Pertinent data regarding concentration, temperature, humidity; de- 
tailed yield data; appropriate tables; and the analysis of variance of each 
experiment are included under the heading ‘‘Experimental Results.”’ 

Hourly figures for solar and sky radiation in gram-calories per sq. cm. 
of horizontal surface and other pertinent meteorological data are avail- 
able in reports of the New York Meteorological Observatory (12). 

The sulphur content of leaves and stems of fumigated and control 
plants were determined for experiments No. 4 and 5 and are included 
in the results of those experiments. 

Concentrations of 0.10, 0.15, and 0.20 parts of sulphur dioxide per 
million parts of air by volume were used because these concentrations 
approximate the average of all concentrations above zero which prevail 
over the greater part of agricultural areas near industrial centers. 

Alfalfa (Medicago sativa L. var. Grimm) was selected as the principal 
test plant because of its sensitivity to sulphur dioxide, and because the 
alfalfa crop is of considerable economic value in several of the large agri- 
cultural areas which are subjected to sulphur dioxide fumes. 


EXPERIMENTAL RESULTS 
EXPERIMENT NO. I (0.104 P.P.M. SOz FOR 650 HOURS) 


It was felt that the amount of available sulphur in the soil might con- 
dition the growth response of a plant to sulphur dioxide. Investigators 
who found stimulation with SO, treatment may have grown their plants 
in sulphur-deficient soil, and those who found no effect on yield may have 
used plants with an adequate sulphur supply. Furthermore, plants grow- 
ing in soil containing an excess of sulphur may actually have been re- 
tarded on treatment with sulphur dioxide as would be the case with an 
over-supply of fertilizer. 

To test these hypotheses, plants were grown in nutrient solutions with 
sulphur content varying up to 0.086 per cent, or three times what was 
considered ‘“‘normal”’ or optimum for best growth, and then were fumi- 
gated with 0.104 p.p.m. of SO» for 650.46 hours. 

Grimm alfalfa was selected as the test plant. The fumigation took 
place in late December and early January when the days were short, light 
intensity was low, and the plants were growing poorly. 

The concentration, temperature, and humidity data are summarized 
in Table I. In referring to concentration, the heading ‘‘No. Observations”’ 
designates the number of recorder readings, each reading extending over 
the 32-minute sampling period. Humidigraph recordings of temperature 
and humidity were continuous, but in this and other long fumigations 
hourly readings were averaged to give the figure for ‘““Average.”’ Yield data 
are given in Table IT. 
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TABLE II 
EFFect CF SO, oN YIELD oF ALFALFAf. ExpeRIMENT NO. 1. 0.104 P.P.M. FOR 650 Hours 
Grams of S per Green weights—g. per pot Dry weights—g. per pot 
too cc. of nu- 
trient solution Treated (SO2) Control Treated (SO2) Control 
i. 0.079 LOn2 10.1 2.09 1.92 
10.0 13.6 1.80 2375 
0.056 15.8 Peo 2, On 3-44 
18.0 1 fae) 2.81 2.63 
0.033 T24 Thao 19 2.64 | 
18.5 1.652 2.67 2.74 | 
0.026 TOs 8.6 2,02 1.81 
19.3 B25 3-03 2.39 
0.020 13.0 10.6 2515 2.26 
E32 TO 7 2.28 2.10, 
0.013 10.8 8.1 1 ely fs) I.40 
Tite 10.4 1.86 1275 / 
6.007 7730 Sak -46 1.00 
8.9 Gna 1.47 I.07 
©.000 7.0 9.7 1.95 : 
Do a LO. E A gre we 1.75 
Average D210 ashi he 2.08 2.10 i¢ 


t Alfalfa planted November 16, 1936; fumigated December 16, 1936 to January 12, 
1937; and harvested February 18, 1937. 


ANALYSIS OF VARIANCE 


Degrees Green weights Dry weights 
Source of of - - - 
variation free- Sum of Mean F Sum of Mean 7 
dom squares square 13 squares square tt 

SO, I 18.91 18.1 Rae ©.0045 0.0045 
Sulphur conc. 7 266.37 38.05 7 eta a 7.6185 1.0883 3.0." 
SO: vs. S 7 29.39 4.20 0.8701 0.1243 
Duplicates 16 86.26 5-39 2.0078 O.EaS5 
Total 31 400.93 10. 5009 


** Highly significant. 
tft F is a symbol used by Snedecor (17) to designate the ratio of the larger mean square 
to the smaller. The significance of F is determined by consulting Snedecor’s Table XX XV. 


Examination of the analyses of variance of green and of dry weights 
reveals that the increase in weight of the sulphur dioxide treated plants 
is not significant. The increments of sulphur concentration were not large 
enough to bring about significant yield differences referable to sulphur 
content of nutrient supply, and the sulphur dioxide effect on yield is not 
significantly different at the varying levels of sulphur supply. 
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PAS (ee 0d 
EFFECT OF SO: ON YIELD OF ALFALFA.} EXPERIMENT NO. 2. 0.154 P.P.M. FOR 402 Hours 
Green weights—g. per pot Dry weights—g. per pot 
Grams of S 
per roo cc. Planted Planted Planted Planted 
of Tags February 5, 1937 | December 18, 1936 || February 5, 1937 | December 18, 1936 
solution 
SO2 Control SO. Control SO2 Control | SO: Control 
©.070 17.4 16.8 16.9 2a 7 2.86 200 Deity) Apus 
iy feet 16.6 2215 19.2 2.85 2.64 Bao 3-43 
0.056 20.5 20.4 Sh4. 2750 Beo ZAO3 6.59 4.94 
20.0 16.9 28.8 auf eatt Boat) Dei Boge 2.85 
0.033 20.6 £350 26.8 TA 7, 3,02 1.86 4.43 Does 
20.1 12.6 Oey 19.9 3.27 1.94 3.82 3.55 
0.026 2255 URS 6.8 25.6 3.34 3.10 4.38 AaSE 
FOe7 TS.3 8 18.6 2.68 Dye ait Boi Bale 
0.020 22.9 19.9 Agiates Benz 3.50 3.06 4.57 6255 
19.6 10.1 B25 7A! 2.82 1.68 eros 2.98 
0.013 2207 122) 22 14.3 3.26 Pests Boe Bere 
6.6 20.7 12.9 16.5 GaP Ke) 2103 Peel 2.91 
0.007 2259 19.9 32.0 TOVg7, Ra Bhs 2.99 4.87 Bo Fe 
7 iE 8 12.9 34.4 17.0 3.00 1.82 5-68 Dil 
0.000 18.6 Bey Rs 23.6 29.8 2.83 L.S8t 4.02 4.84 
21.6 Sez 26.8 26.4 3.09 Dali: 4.67 4.67 
Average 19.3 16.4 IAS) IO. Tt 2.96 2.43 4-45 3.70 


7 Alfalfa fumigated from February 15, 1937 to March 4, 1937 and harvested March 
25, 1937- 


ANALYSIS OF VARIANCE 


Degrees Green weights Dry weights 
Source of of 
variation free- Sum of Mean Sum of Mean 
dom squares | squares F squares squares BF 

SO, I 236.39 236.39 ‘enrol te 6.5758 6.5758 Theo 
Age I BES. 20 515.29 aaron 30.3463 | 30.3463 Omi 
Sulphur conc. 7 370.54 52.93 Paiste 10.2714 1.4645 Pe 
Age vs. SOz I T3.50A nip paiell 0.2404 0.2494 
Age vs. S 7 141.70 20.24 4.79041 0.6849 
S vs. SO2 7 186.06 26.58 5.8001 0.8286 
S age SO. 7 114.69 16.38 2.9180 | 0.4154 
Duplicates 32 689.07 21459) 19.0877 0.5905 
Totals 63 2266.88 80.0428 


* Significant. 
** Highly significant. 
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EXPERIMENT NO. 2 (0.154 P.P.M. SOz FOR 402 HOURS) 


This experiment was designed to repeat Experiment 1 at a higher con- 
centration and to furnish a study of the growth effect on plant series of 
two ages. Grimm alfalfa, ro days old and 59 days old at the beginning of 

TABLE IV 
EFFECT OF SO. ON YIELD OF CRUCIFERAE +. EXPERIMENT NO. 3. 0.203 P.P.M. FOR 117 Hours 


Green weights—g. per pot Dry weights—g. per pot 

Ruta-| Cab- | Tur- | Mus- | Ruta-| Cab- | Tur- | Mus- 

baga | bage | nip | tard | baga | bage | nip | tard 

; S- 132.2) 50-5, 53.4.) ous | 22550) AnAGel 99.70 iets 

Ample water S AZo? || 23.2. (EER 4 BOus, | eeog: || 2r 20m yaGo | aete 

=) | 48-4, 29.3 | BO. 43-9 | 3.70 | 280g Iaga2t| gees 
Control —— 
Sse 637.2 1.33.8 | Sre4 4). 5AnO i eeon || 2.235 ae toe qos 

Less water Ss 61.2.) 44:2 | 84.3 | 60.6 | 4.57 | 2.68. 6.46 | 5-20 

— | 47-2 | 42.4 | 66.5 | 33-6-| 4.17 | 3-15 | 5.60 | 2.52 

Average BACON 3055 1) 68289) AGS ts A tll aa oe S716, 1 3.40 
S+ | 37.5 | 46.4 | 65.8 | AOu2D | 2555 3-20 | 4-87 | 3.26 

Ample water S 60.4 |) 37.5) 107.2" | FSO) 5.20) let. S 5a 70S nese 
SSs44ges. Fo. 0) 7o0F. | S2eS te 4a 2. Oba) ie teres 

Treated 

(SO») S+ | 30.7 | 33-4 | 65.0 | 60.2 | 3.38 | 2.35 | 5.71 | 4.69 
Less water S GIAO: || O25 Ol FO. ol OSs On (eke se |) AsOn i eta Aicul lA cues 

S— | 31.2] 45.8 | 83.4 | 35.0] 1.98 | 3.10 | 6.04 | 2.40 

Average AQRO |PASCON Fe Sel RAO eee te. | 2.88 Scot Rayo 


Note: The sulphur concentrations of the nutrient solutions were 0.083, 0.033, and 0.013 
g. per roo cc. of solution and are designated S+, S, and S—, respectively. 

} The Cruciferae were planted January 18, 1937; fumigated March 5, 1937 to March 
10, 1937, and harvested March 23, 1937. 


ANALYSIS OF VARIANCE 


Degrees Green weights Dry weights 
Source of of ———— - — — _—— =~ 
variation free- Sum of Mean E Sum of Mean 
dom squares square k squares square F 

SO, I 380.25 380.25 2.2 T2252 i.22350 en 
H,0 I go. 48 90.48 1.1656 1.1656 
Variety 3 6949.73 BAD Oly Soules von 46.0466 | 15.3489 i go page 
Sulphur cone, 2 4453.61 2290.02 || 12.0" 17.3599 8.6800 7.7% 
SO» vs. Ss. 2 32.74 16.37 ©.3326 0.1663 
H,O vs. S 2 45.42 239% 0.2237 OoLLLG 
H,0 vs. SO, I 24.81 24.81 0.4447 0.4447 
Var. vs. SO» 3 Cee pe ve Bf Ses hea Onl 727 
Var. vs. H,0 3 124.71 Al ase 0.4466 0.1439 
Var. vs. 5S 6 1492.94 248.82 a 8.3423 1.3904 Lire 
Error 23 4008.22 176.87 25.7613 Eereon 
Total 47 I7715.62 101.8758 


* Significant, 
** Highly significant. 


— 
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the fumigation, was used as the test material. The younger alfalfa was 
just breaking through the soil surface, the older alfalfa was about four 
inches high. During the fumigation the plants grew rapidly and were in 
good condition. Concentration, temperature, and humidity data are sum- 
marized in Table I. Yield data are given in Table III. 

Examination of the analyses of variance of green and of dry weights 
reveals that the increase in both green and dry weights of the sulphur 
dioxide treated plants is highly significant, as is the effect of the age of 
the plants. Sulphur content of nutrient supply has a significant effect on 
yield, but the sulphur dioxide effect is not significantly different at the 
different levels of sulphur supply or at the different plant ages. 


TABLE V 


CONDITIONS UNDER WHICH ALFALFA WAS GROWN IN EXPERIMENTS 4 AND 5, AND THE 
EFFECT OF SULPHUR DIOXIDE TREATMENT ON YIELD UNDER THESE CONDITIONS 


Noa % increase in % decrease in 
peru weight of SO, weight of SO» 
Experimental conditions each treated aus pees ae 
experi- over controls under controls 
mene Bxpe 4 Exp sei) Expe4 ie Expas 
Excess sulphur in nutrient solution 16 4.3 9.4 
Normal sulphur in nutrient solution 16 24.4 15.4 
Deficiency of sulphur in nutrient solution 16 Aces 4.6 
Full nutrient supply 24 31.9 9.6 
Deficient nutrient supply (poor plants) 24 One 9.5 
Ample water 24 24.6 ee 
Less water 24 19.0 25 
Full nutrient supply—excess sulphur 8 4.8 On 
Full nutrient supply—normal sulphur 8 Oe 34.0 
Full nutrient supply—deficiency of sulphur 8 56.9 Gul 
Deficient nutrient supply—excess sulphur 8 10.6 Ona 
Deficient nutrient supply—normal sulphur 8 22571 38.6 


Deficient nutrient supply—deficiency of 


sulphur 8 0720 24.0 
Ample water—excess sulphur 8 Ton Teno 
Ample water—normal sulphur 8 T2) 0 On 
Ample water—deficiency of sulphur 8 92.0 ioe 
Less water—excess sulphur 8 8.1 Wot 
Less water—normal sulphur 8 41.0 50.4 
Less water—deficiency of sulphur 8 3.9 2A.7 
Full nutrient supply --ample water 12 24.2 25 
Full nutrient supply—less water 2 40.7 B20 
Deficient nutrient supply—ample water 12 24.1 20.4 
Deficient nutrient supply—less water 12 12.8 On7 


* Because of the inherent variability of biological material, it is reasonable to discount 
the lower percentages as natural variations and indications of no effect on yield. 
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EXPERIMENT NO. 3 (0.203 P.P.M. SOz FOR 117 HOURS) 


In this experiment certain high sulphur-containing Cruciferae (all of 
the genus Brassica) were used as test material, namely cabbage (B. oler- 
acea var. capitata L.—Early Jersey Wakefield), rutabaga (B. napobras- 
sica Mill. var. Purple-Top Yellow), mustard (Brassica sp. var. Fordhook 
Fancy), and turnip (B. rapa L. var. Snowball). The plants were 46 days 
old at the beginning of the fumigation and in good condition. The concen- 
tration, temperature, and humidity data are summarized in Table I. 
Yield data are given in Table IV. 

Examination of the analyses of variance of green and of dry weights 
reveals that although there is consistent increase in yield of each variety 
under every condition when treated with SO, the increase is not large 
enough to be significant. Sulphur content of nutrient supply and variety 
of Cruciferae both had a highly significant effect on yield. 


EXPERIMENT NO. 4 (0.101 P.P.M. SOz FOR 600 HOURS) 


In order to determine whether under certain conditions low con- 
centrations of sulphur dioxide cause significant decreases in yield of 
alfalfa, plants were grown under many different experimental conditions 
and the effect of SO, under these various conditions was determined. The 
treatments and results are summarized in Table V. The concentration, 
temperature, and humidity data are summarized in Table I. Detailed 
yield data are given in Table VI. 

Examination of the analyses of variance of green and of dry weights 
reveals that the increase in green weights on treatment with sulphur diox- 
ide is significant, although the increase in dry weights is not significant. 
The supply of nutrients, and sulphur content of nutrient supply have a 
highly significant effect on yield. The effect of nutrient supply is sig- 
nificantly different at the various levels of sulphur concentration. The 
effect of water supply is not significant. 


EXPERIMENT NO. 5 (0.105 P.P.M. SO2 FOR 600 HOURS) 


This experiment was designed to repeat experiment 4 with older plants. 
The conditions under which the alfalfa was grown and the effect on yield 
under these conditions are summarized in Table V. The concentration, 
temperature, and humidity data are summarized in Table I. Detailed 
yield data are given in Table VII. 

Examination of the analyses of variance of green and of dry weights 
reveals that although the increase in weight of all sulphur dioxide treated 
plants is not significant, the increase in green weight of the plants which 
received less than the normal supply of water is of significance. The effect 
of supply of nutrients and of the water supply is of great significance. The 
effect of nutrient supply is significantly different at the various levels of 
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TABLE VI 
EFFECT OF SO: ON YIELD OF ALFALFA.t EXPERIMENT No. 4. 0.101 P.P.M. FOR 600 Hours 
Green weights— Dry weights— 
g. per pot g. per pot 
Sins S S— | S+ S Ss 
Full nutrient supply Sool hl eiione | Saye Wena pha |) hep kexe 
Ample Wee || Seyoyy 205 Nee COR OnA Salona 
water 
Deficient nutrient supply Wao The 05) |) Ono 1 1.07 S100 
TA Onn On/ ASG | eG) waSh |r. sn 
Control ——————_ — 
Full nutrient supply eG) Wiis ralgae || wheceXo) || seaCie || AG fo 
Less Ba |) ys |) weoA) | Onis Aly || Qos 
water 
Deficient nutrient supply 6.3 | 10.0 oe) |\ oO || SPY, || Oa@es 
Fou 9 Paer || Cason 5077 || Oe@o) 
Average Hoh || tee Sag || wale! Lately, || iver 
Full nutrient supply He) |) Wen | reo || were || mages Il woe 
Ample OND |eeior || wth | waaay || Bou) |) BAO 
water 
Deficient nutrient supply | 11.2 | 12.1 Sly || weer Tzu |) Coes 
Treated 7.0 (Vale |) tivo |) Teoh || ee es || tes OE 
(SO2) Full nutrient supply toy | Teitare || TOA | Clay || Teno) .89 
Less Bao) || Beja |) een || Cee |) Saleter|| Sacks 
water 
Deficient nutrient supply Dec stll Beene i BoM | ho teeas || Weaken Il hawks 
Glase |) akjey Aiats \inelatsten | Psi o eZ || CoN) 
Average aes || Weiss |) HEIR | Begs I OX ater | eels 


Note: The sulphur concentrations of the nutrient solutions were 0.083, 0.033, and 0.013 
g. per 100 cc. of solution and are designated S+, S, and S—, respectively. 
{ Alfalfa planted March 1, 1937; fumigated March 11, 1937 to April 5, 1937; and har- 
vested April 8, 1937. 


ANALYSIS OF VARIANCE 


Degrees Green weights Dry weights 
Source of of 
variation free- Sum of Mean F Sum of Mean F 
dom squares square squares square 
SO, I 52.08 52.08 4.4* 0.6888 0.6888 Cae) 
Sulphur 2 310.64 nog Care 5.3041 Phe OG TRS tes 
Nutrient conc. I 171.76 C7. 76 canoes Tetoas 7.1843 Bye 
H.O I 36.40 36.40 0.5742 0.5742 2.8 
SO: vs. S % 35.65 yer eres 0.2385 0.1193 
H.O vs. S 2 18.55 9.28 0.1998 0.0999 
H20 vs. SO I 1.85 ee 0.0238 0.0238 
Nu. vs. SOz I 20.81 20.81 0.1092 0.1092 
Nu. vs. H2O I Ons (Mis 0.0050 0.0050 
Nu. vs. S 2 208.59 104.30 isha Bos2se Daou ERasre 
S SO, Nu. 2 7.99 4.0) 0.0789 0.0395 
S Nu. H,0 2 96.19 48.10 Pero} 0.5475 0.2738 
H.0 SO, Nu. I 9.88 9.88 0.6099 0.6099 2.9 
H.O SO. S 2 48.12 24.06 0.2824 ©.1412 
Error 26 307.48 TOs I eerCoylytt 0.2075 
Total 47 1326.14 26.7648 


* Significant. 
** Highly significant. 
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TABLE VII 
EFFECT OF SO, ON YIELD OF ALFALFA.t EXPERIMENT NO. 5. 0.105 P.P.M. FOR 600 Hours 
Green weights— Dry weights— 
g. per pot g. per pot 
5 Ss S— S-+- S sS- 
Full nutrient supply BSeAul 40.3 | S707 f Oaso.) O20) legen 
Ample 4029, |) 4525 1-4920..| 6252 |) 72 58a|a.05 
water 
Deficient nutrient supply | 9.4 | 11.4 | 4.4 | 1.37 | 1-69 | 0.67 
1656.| 2m.8°1 r7.n Wi o.22' 2.86, |} eras 
Control ——————————————— 
Full nutrient supply 22.02 | sO 4) LOnF Ge al Doma acess 
Less 160 2753 |s2005 | 2543 ear dagohes ae 
water 
Deficient nutrient supply | 11.7 6.3 3x4 | 1240 1/0186 |"o04a 
6.9 4.5 8.7] 6:88°). 0:62 4 707 
Average 2054 | 2020 | 2E28) 13200 4-400 eecy 
Full nutrient supply Fo3| 4758-12029 [5228 O470 1 pea 
Ample 33-3 | 55-6 | 45.8 | 5.79 | 7-65 | 4.69 
water 
Deficient nutrient supply | 11.9 BaQ | Ther | F269 | eae 
Treated TEs 9.6 | 12.4 | 1.3n2-o78r | 2766 
(SOs) : = 
Full nutrient supply 24.5 | 36.4 | 340 | 2.035) 5.861 4260 
Less 17.9 | 36.4.) 26.0 | 4076 | 52 S5ul come 
water 
Deficient nutrient supply | 6.4 7.6 7.3 | £53 1 -Os5S.4) 2 a0 
243 3-9 $81 Gs76 "ll 29001 o.08 
Average TO. E | 25-3) | 22.800 9292 ea OGM seay, 


Note: The sulphur concentrations of the nutrient solutions were 0.083, 0.033, and 
0.013 g. per 100 cc. of solution and are designated S+, S, and S—, respectively. 

¢ Alfalfa planted March 15, 1937; fumigated April 7, 1937 to May 2, 1937; harvested 
May 4, 1937. 


ANALYSIS OF VARIANCE 


Degrees Green weights Dry weights 
Source of of |— 
variation free- Sum of Mean Sum of Mean 
dom squares square F squares square F 

SO, I 13.54 13.54 0.8480 0.8480 oe 
Sulphur 2 122.18 61.09 205 3.6814 1.8407 233 
Nutrient cone. I 7012.63 7112.63 | 294.6**| 197.0731 |197.0731 | 242.8** 
HO I 1217.05 1217.05 50.4°*| 28.rger | 28. 25er 34 ORs 
SO; vs. S 2 44.67 Ce escy.| 1.0765 0.5383 
H,0 vs. S 2 33.01 16.51 1.1374 0.5687 
H,0 vs. SO: I 107.12 107.12 As” 2.3674 2.3074 2.9 
Nu. vs. SO, I 49.83 49.83 2.7 2.5762 2.5762 Rae 
Nu. vs. H,O I 348.68 348.68 rise 8.2501 8.2501 TO,a"s 
Nu. vs. S 2 279.17 139.59 Crise 5.9271 2.9636 Bay 
S SO, Nu. 2 192.68 96.34 AS 3.1969 1.5989 256 
S Nu. H,O 2 17.48 8.74 I. 2031 0.6015 
H,O SO, Nu. I On 7.62 0.2945 0.2945 
H,0 SO. S 2 $520 1.63 Oi. 2298 O, Lire 
Error 20 627.74 24.14 20.9907 0.8076 
Total 47 10176.66 277.0060 


* Significant. 
** Highly significant. 
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sulphur concentration. The effect of water supply at the different levels 
of nutrient supply is of great significance. 


SULPHUR CONTENT OF PLANTS 


The alfalfa used in experimental fumigations 4 and 5 was analyzed for 
total sulphur by A. N. Johnson of this Institute who used the Parr bomb 


TABLE VIII 


EFFECT OF SO. ON SULPHUR CONTENT OF ALFALFA USED IN EXPERIMENTS 4 AND 5. 
PER CENT ToTaL SULPHUR (OVEN Dry BaAsIs—LEAVES AND STEMS) 


Experiment 4 Experiment 5 
So Se eS) Sar tS wince 
Ample | Full nutrient supply | 0.499 | 0.224 | 0.259 | 0.612 | 0.366 | 0.268 
water | Deficient nutrient 
supply HY |) OoOVA | Wsaaes || OsGeo|| Oasyy | COoage 
Control 
Less Full nutrient supply | 0.452 | 0.305 | 0.292 | 0.728 | 0.426 | 0.392 
| water) Deficient nutrient 
supply OLAS 7 IO. A52 | O.445) | Ons 750 | On5 10) On 750 
Average On453) | 00.344) 1) O.1333) | O1020) On42n ||kOnd.o2 
Ample | Full nutrient supply | 0.622 | 0.555 | 0.462 | 0.664 | 0.607 | 0.593 
water | Deficient nutrient 
supply On AOS) 0502 0500) C107) Ons) On sOo 
Treated 
(SOz) | Less Full nutrient supply | 0.607 | 0.422 | 0.475 | 0.852 | 0.932 | 0.581 
water | Deficient nutrient 
supply On Sy aOn Son OOM jin O7.3 7a Ors/2) Leal OmA7io) 
Average Cpiiyd |) Cay || Chaise? || Ks exer || Koster || Co GOx 


Note: Sulphur concentrations of the nutrient solutions were 0.083, 0.033, and 0.013 g. 
per roo cc. of solution and are designated S+, S, and S—, respectively. 


ANALYSIS OF VARIANCE 


Degrees Experiment 4 Experiment 5 
Source of of 
variation free- Sum of Mean F Sum of Mean F 
dom squares square squares square 
SO, I 0.167000 | 0.167000 | 18.3**| 0.130685 | 0.130685 oer 
Sulphur 2 0.022283 | 0.011142 T.2 0.135902 | 0.067951 ria 
Nutrient conc. vf 0.019837 | 0.019837 22.0 0.001962 | 0.001962 
H,0 I 0.004760 | 0.004760 0.056357 | 0.056357 3n@) 
SO: vs. S g) 0.013606 | 0.006803 0.022346 | 0.011173 
S vs. Nu. Q 0.000287 | 0.000144 0.048984 | 0.024492 i 
H;20 vs. S 7 0.002346 | 0.001173 0.003746 | 0.001873 
SO, vs. Nu. I 0.002054 | 0.002054 0.054435 | 0.054435 Rol 
SO, vs. H20 I 2.002360 | 0.002360 0.004134 | 0.004134 
H.0 vs. Nu. I ©.009362 | 0.009362 0.009558 | 0.009558 
Error 9 0.082240 | 0.009138 0.130058 | 0.014516 
Total 23 0.326135 0.508767 
* Significant. 


** Highly significant. 
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method as described by McCool and Johnson (10). In order to obtain 
large enough samples for analysis, plants treated in duplicate were ground 
together and used as one sample. Results of the analyses are given in 
Table VIII. 

Examination of the analysis of variance of the sulphur content data 
for experimental fumigation 4 reveals that the effect of treatment with 
SO2 is highly significant, but that the effect of sulphur content of nu- 
trient supply is not significant. 

It is believed that the effects of sulphur content of nutrient supply 
were obscured by the absorption of sulphur from the sand and from the 
clay pots which were shown to have contained considerable sulphur. (See 
under ‘“‘Absorption of Sulphur Dioxide by Sand.’’) 

Examination of the analysis of variance of the sulphur content data 
for experimental fumigation 5 reveals that both the treatment with sul- 
phur dioxide and the sulphur content of nutrient supply had significant 
effects on the total sulphur content of the alfalfa. 


NITROGEN CONTENT OF PLANTS 


Some of the alfalfa used in experimental fumigation 5 was analyzed 
for nitrogen by A. N. Johnson who used the Kjeldahl method as de- 
scribed by McCool and Johnson (10). Although plants treated in dupli- 
cate were ground together and used as one sample for analysis, the samples 
grown with a deficient supply of nutrients were not large enough to per- 
mit analysis, so only figures for plants grown with a full supply of nutrients 
are available in the data given in Table IX. 

Examination of the analysis of variance of the nitrogen content data 
reveals that neither treatment with sulphur dioxide, nor sulphur content 
of nutrient supply, nor water supply had any significant effect on nitrogen 
content of the alfalfa. 

The interaction SO: vs. S gains significance because the sulphur dioxide 
increased the nitrogen content of the alfalfa grown with normal supply of 
sulphur in nutrient solution, decreased slightly the nitrogen content of the 
alfalfa grown with an excess of sulphur in the nutrient solution, and had 
no effect on the nitrogen content of the alfalfa grown with a deficient 
supply of sulphur in the nutrient solution. In the absence of confirmatory 
data, no great importance can be attached to the significance of this 
interaction. 

ABSORPTION OF SULPHUR DIOXIDE BY SAND 


The question arises as to whether the increases in yield of sulphur 
dioxide treated plants were due to utilization of sulphur obtained directly 
from the air or whether the plant used only sulphur which had been ab- 
sorbed through the soil. 


A series of 5-inch clay pots containing sand only were subjected to 
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sulphur dioxide and the sand then analyzed for sulphur by the method 
of Schroeder (14) under the direction of A. Mehlich of this Institute. 
After seven days’ exposure to 0.10 p.p.m. of SO», pots which were satu- 
rated with distilled water all during treatment showed an increase in sul- 
phur content over control pots of 3.1 mg. per pot. Pots which received no 
water showed an increase in sulphur content of 0.7 mg. per pot. 


TABLE IX 


EFFECT OF SO. ON NITROGEN CONTENT OF ALFALFA USED IN EXPERIMENT 5. 
PER CENT NITROGEN (OVEN Dry BaAsis—LEAVES AND STEMS) 


S45 8 S- 

Control Ample water Aes 4.00 4.40 
Less water 502 3.78 4.79 

Average 4.89 3.89 4.60 

Treated (SO2) Ample water 4.44 4.68 4.41 
Less water 4.52 4.65 4.61 

Average 4.48 4.67 4.51 


Note: Sulphur concentrations of the nutrient solutions were 0.083, 0.033, and 0.013 g. 
per too cc. of solution and are designated S+, S, and S—, respectively. 


ANALYSIS OF VARIANCE 


Source of Degrees of Sum of Mean F 
variation freedom squares square 
SO; I 0.0271 0.0271 2.3 
Sulphur 2 0.3421 o.1711 14.3 
H,O I 0.0397 0.0397 BB 
H.0 vs. S 2 0.0938 0.0469 Ane 
SO: vs. S 2 0.7449 Ona72'5 giuee 
H,0 vs. SO» I 0.0029 0.0029 
Error 2 0.0238 0.0119 
Total II reo Ae 
* Significant. 


With SO» treatment of 1.00 p.p.m., the water-saturated pots showed 
an increase in sulphur content of 14.2 mg. per pot after five days’ exposure. 
Dry pots showed an increase of 5.4 mg. per pot. The sulphur content of 
unwashed, untreated sand averaged 7.7 mg. per pot. 

It is probable that some of the sulphur absorbed by the soil was taken 
up by the roots of the plants. The fact that plants receiving less water 
showed the greater growth response to sulphur dioxide treatment, and 
the fact that sulphur absorption from the soil varies directly with water 
supply, suggests, however, that the plants utilized some of the sulphur 
which they absorbed directly from the air as sulphur dioxide. 
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DISCUSSION OF RESULTS 


Under none of the varied experimental conditions studied did treat- 
ment with low non-marking concentrations of sulphur dioxide result in 
a significant decrease in yield of alfalfa, and under certain conditions 
treatment with the gas brought about significant increases in alfalfa 
yield. 

Although the increase in yield in any one experiment is not significantly 
different at the various levels of sulphur content of nutrient supply, the 
consistently greater increase in yield of alfalfa grown with a deficient 
supply of sulphur is an indication that deficiencies in available sulphur 
were made up by absorption of sulphur dioxide from the air. The highly 
significant effect of sulphur dioxide in experiment 2 is an indication that 
alfalfa growing rapidly under favorable light conditions responds more 
readily to the growth effect of the SO. than does alfalfa growing slowly 
under less favorable light conditions. 

Alfalfa grown with a deficient supply of balanced nutrients did not re- 
spond any difierently to the yield effect of sulphur dioxide than did alfalfa 
grown with an ample balanced nutrient supply. 

Differences in water supply were not large enough to produce signifi- 
cant changes in yield except in fumigation 5. In this experiment, the 
alfalfa grown with a deficient supply of water responded to the growth 
influence of the sulphur dioxide, whereas the alfalfa grown with ample 
water supply showed no effect. 

The increase in yield of the Cruciferae treated with SO: in fumigation 
3 was not large enough to be significant. 


SUMMARY 


The effects of prolonged exposure to low non-marking concentrations 
of sulphur dioxide have been studied, using alfalfa and Cruciferae grown 
under differing conditions. Water supply, nutrient supply, sulphur con- 
tent of nutrient supply, and age of plants were systematically varied to 
enable comparison of the effects of sulphur dioxide under the several con- 
ditions and to permit statistical analysis of the yield data. 

Under none of the conditions studied did sulphur dioxide treatment 
decrease the yield of alfalfa, under most of the conditions it had no sig- 
nificant effect on yield, and under some of the conditions it brought about 
significant yield increases. The data indicate that deficiencies in sulphur 
content of nutrient supply were made up by absorption of sulphur dioxide 
from the air. Age of plants and the amount of supplied nutrients had no 
effect on the yield response to the gas treatment. Alfalfa grown with a 
deficient supply of water seemed to respond more readily to the stimulat- 
ing effect of the sulphur dioxide than did plants grown with an ample 
water supply. Alfalfa growing rapidly under favorable light conditions 
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responded more readily to the growth effect of SO, than did alfalfa grow- 
ing slowly under less favorable light conditions. 

Treatment with sulphur dioxide had no significant effect on yield of 
Cruciferae. 

Analyses of the sulphur content of the alfalfa show that treatment 
with sulphur dioxide brought about significant increases in per cent total 
sulphur. The only other variable affecting sulphur content was the sulphur 
contained in the nutrient supply. 

Nitrogen analyses of alfalfa indicate that neither sulphur dioxide, 
water supply, nor sulphur content of nutrient supply had significant 
effect on nitrogen content of the alfalfa. 
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VIABILITY OF STORED LILIUM POLLEN 
NorMA E. PFEIFFER 


It was previously found (2) that the viability of pollen in four species 
of Lilium and in hybrid Amaryillis could be conserved well by storage 1) 
in desiccators at 10° C. in relative humidities of 35, 50, and 65 per cent; 
2) in gelatin capsules at —5° C. or —11° C. with no humidity control; 
3) under reduced pressure at —5° C. (for Lilium). The test for viability 
used was ability of the pollen grains to germinate on a hanging drop of 
an artificial medium consisting of 7 per cent cane sugar, 1.5 per cent 
gelatin with the addition of a small amount of boiled yeast, for Lilium, 
and of 7 per cent cane sugar, 1 per cent agar, and yeast for Amaryllis. 

In the desiccators, humidities were controlled by means of concen- 
trated sulphuric acid and definite concentrations of the acid. In the course 
of the work, it seemed that some other chemical might prove more con- 
venient and practical for the grower who desired to store pollen. Satu- 
rated salt solutions were tried and the results obtained upon storage of pol- 
lens over these solutions are given in the first section of this paper. 

Meanwhile, some lots of Lilium pollen originally reported upon gave 
continued evidence of ability to germinate on an artificial medium after 
eight and nine months’ storage. The results of controlled pollinations 
made with this stored pollen constitute the second section of this paper. 

The work was further extended by storage of pollen according to the 
simple method suggested by Horsford (1) who saved L. auratum pollen 
over winter by wrapping it in several sheets of paraffin paper. The third 
section of this paper presents the data on controlled pollinations using 
pollen stored at different temperatures by this method. 


I. GERMINATION AFTER STORAGE OVER SATURATED 
SALT SOLUTIONS 


Since relative humidities of 35, 50, and 65 per cent had been found 
advantageous in the desiccators made up with concentrations of sul- 
phuric acid, humidities approximating these were used in the new series. 
A saturated aqueous solution of a given salt with an excess of the solid 
at a given temperature maintains a constant humidity within any en- 
closed space about it. The selection of salts to be used was based not only 
on the humidities desired, but also on the solubility, ready availability, 
and relative low cost of the salt. Desiccators were made up with saturated 
solutions with an excess of the chemical for the following salts which give 
these humidities at the temperatures indicated (3): 


Magnesium chloride—35% humidity at 10° C.; 33% at 20° C. 
Calcium chloride—38% humidity at 10° C.; 32.3% at 20° C. 
Copyright, 1938, by Boyce Thompson Institute for Plant Research, Inc. 
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Potassium carbonate—44% humidity at 18.5° C.; 43% at 24.5° C. 
Potassium thiocyanate—47% humidity at 20° C. 

Sodium dichromate—52% humidity at 20° C. 

Magnesium nitrate—56% humidity at 18.5° C. 

Ammonium nitrate—ca. 68% humidity at 10° C.; 64% at 20° C. 


All were used in a dark room automatically controlled at 10° C., with 
a comparison set of desiccators made up with concentrations of sulphuric 
acid to give humidities of 35, 50, and 65 per cent. In addition a set of desic- 
cators in darkness at room temperature included the same concentrations 
of sulphuric acid and saturated solutions of potassium carbonate and 
sodium dichromate. 

For convenience, desiccators where the humidity was controlled by 
salts will be referred to by the name of the salt, and those controlled by 
concentrations of sulphuric acid by the humidities obtained. 

Pollen from the following forms was used: Lilium longifiorum Thunb., 
L. auratum Lindl., L. philippinense Baker, and L. speciosum Thunb., var. 
rubrum Hort. L. longiflorum pollen was stored in May, L. auratum in 
July, and that of the other two forms in September, 1936. Pollen of hy- 
brid Amaryllis was stored in spring of the same year. 

The test for viability as in the earlier work was ability of the pollen 
grains to germinate on hanging drops of the cane sugar, gelatin or agar, 
yeast medium. Tests were run in duplicate and counts made of the grains 
which germinated as compared with the total number in a representative 
number of fields. 

L. longiflorum. Since pollen of this form was early available in quantity, 
it was stored in all desiccators of the series and in gelatin capsules in an 
electric refrigerator, recording about 7° C., and tested at intervals over 
a period of 14 months. There was a gradual decrease in the percentage of 
pollen grains germinating as the storage interval increased. Successive 
tests gave fairly consistent results. 

At the end of 11 months, the following storage conditions gave very 
good germination, approximating 50 per cent: gelatin capsule in the re- 
frigerator (7° C.), and at ro° C., magnesium chloride, calcium chloride, 
potassium carbonate, 35 per cent and 50 per cent humidity. Pollen from 
the sodium dichromate desiccator (10° C.) showed about 35 per cent 
germination. Pollen over magnesium nitrate and over sulphuric acid giv- 
ing 65 per cent humidity, both at 1o° C., showed lower germinating 
power, about 24 per cent germination. 

After 14 months, the lots of pollen stored at ro° C. in desiccators hav- 
ing humidities of 35 to 50 per cent, whether controlled by magnesium 
chloride, calcium chloride, potassium carbonate, or concentrations of 
sulphuric acid, continued to exceed 45 per cent germination in almost all 
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tests. At the same time, germination of pollen in the sodium dichromate 
desiccator dropped to 19 per cent, magnesium nitrate to 9 per cent, and 
in 65 per cent humidity to 1 per cent. Pollen stored over potassium thio- 
cyanate and ammonium nitrate solutions gave poor results early in the 
experiment and were no longer tested at this time. 

Pollen of this series stored at room temperature for two months gave 
the best results in the lower range of humidities, 25, 35, 50 per cent, and 
over potassium carbonate with germination percentages ranging from 8 
to 29 per cent. In four months, the germinating ability was much re- 
duced and after seven months, was only about 1 per cent in the best tests. 

A comparison with the results of tests in a previous year at 10° C, 
show a higher percentage of germination in 35 per cent humidity than 
then reported, and a lower percentage in 65 per cent humidity. 

L. auratum. Pollen of this species stored in the same set of desiccators 
on July 27, gave consistently lower germination percentages than those 
obtained the previous year. The greatest production of pollen tubes was, 
however, in the same general range of humidities. 

At the end of two months, pollen from the capsule in the refrigerator 
(7° C.), from 10° C. desiccators with salt solutions, and 35, 50, and 65 
per cent humidity, gave good percentages of germination, ranging as high 
as 64 per cent. After six months’ storage the most satisfactory conditions 
as indicated by germination percentages of 36 and 43 per cent and 30 and 
35 per cent respectively were the gelatin capsule in the refrigerator and 
the 50 per cent humidity at 1ro° C. Next in order with germination per- 
centages between 20 and 30, were the 10° desiccators with magnesium 
chloride, calcium chloride, and potassium carbonate. Less than 20 per 
cent germination resulted with pollen from the other desiccators. After 
eight months, pollen from the capsule in the refrigerator and from 10° C. 
desiccators with calcium chloride and with potassium carbonate, still 
exceeded 25 per cent germination. Pollen over magnesium nitrate and in 
35, 50, and 65 per cent humidity, showed 10 to 20 per cent germination. 
The least satisfactory results were obtained with magnesium chloride and 
sodium dichromate. Usually magnesium chloride is among the most satis- 
factory salts, both for auratum pollen after shorter intervals of storage 
and for other species of pollen. 

Pollen of L. auratum germinated poorly after storage at room tempera- 
ture for two months with ro per cent or less of the grains germinating 
under practically all storage conditions. Results were negative in all 
germination tests at four months. 

L. speciosum var. rubrum. Pollen of this form was tested after seven 
and ten months’ storage. Lower percentages of germination with more 
variation resulted than in tests the previous year. Most satisfactory re- 
sults were obtained at seven months with pollen stored in a gelatin cap- 
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sule in a refrigerator (7° C.), at 10° C. over magnesium chloride, calcium 
chloride, potassium carbonate and at 50 per cent humidity. After ten 
months, magnesium chloride and calcium chloride appeared slightly better 
than potassium carbonate, 50 per cent and 35 per cent humidity. Pollen 
in other storage conditions, including the gelatin capsule in the refrigera- 
tor, had dropped to 1 per cent germination or less. 

L. philippinense. Stored pollen of this species showed greater ability 
to germinate than that stored the previous year. After nine months, the 
best germination was obtained over the following, at 10° C.: magnesium 
chloride, 65 and 74 per cent; calcium chloride, 66 and 74 per cent; potas- 
sium carbonate, 51 and 59 per cent. Next in order were magnesium ni- 
trate, 46 and 52 per cent; 50 per cent humidity, 36 and 55 per cent; 
sodium dichromate, 37 and 46 per cent; and 35 per cent humidity, 22 and 
51 per cent. These average from 70 per cent in the most successful to 35 
per cent in the least. Lower percentages were obtained in 25 per cent 
humidity controlled by sulphuric acid, 16 and 22 per cent, and 65 per cent 
humidity with 9 and 11 per cent. There was no storage of this pollen at 
refrigerator temperature or at room temperature. 

Hybrid Amaryllis. As in the earlier work, a limited amount of pollen 
of hybrid Amaryllis was stored. No single collection sufficed for samples 
for all the desiccators. In one lot, good germination resulted after more 
than seven months’ storage at 10° C. in 35 per cent humidity, 63 and 64 
per cent; potassium carbonate, 47 and 54 per cent; and at —5° C. without 
humidity control, 52 and 59 per cent. This group gave somewhat less 
satisfactory results for the same lot of pollen: gelatin capsule at — 10° C., 
32 and 37 per cent; desiccators at 10° C., magnesium nitrate, 30 and 39 
per cent; potassium thiocyanate, 28 and 32 per cent; 50 per cent humidity, 
24 and 31 per cent; sodium dichromate, 17 and 22 per cent. Least satis- 
factory were 25 per cent humidity, 15 and 16 per cent, and 65 per cent 
humidity, 1 and 5 per cent. 

Another series at 10° C. gave results in this order: potassium carbonate, 
69 and 70 per cent; potassium thiocyanate, 57 and 59 per cent; magnesium 
nitrate, 26 and 33 per cent; and sodium dichromate, 16 and 17 per cent. 

A third lot of pollen stored more than seven months at 10° C. over 
magnesium chloride showed 42 and 43 per cent germination; calcium 
chloride, 39 and 41 per cent; in 50 per cent humidity, 42 and 47 per cent. 
Still another showed 33 and 34 per cent germination after storage over 
magnesium chloride, 42 and 50 per cent over calcium chloride, after 
almost five months’ storage. 

The results of germination of Amaryllis pollen on an artificial medium 
are in accord with the field results of Traub (4) who reports best results in 
pollinations made after storage at ro° C. over saturated solutions of cal- 
cium chloride and magnesium chloride. For comparison he used only solu- 


1938] PFEIFFER— VIABILITY OF STORED LILIUM POLLEN 203 


tions (chlorides of zinc and lithium) providing lower humidities of about 
ro and 15 per cent, which in our previous experience with humidities con- 
trolled by sulphuric acid, were too low to be effective over long intervals. 

It is concluded from the data obtained with pollen of the forms used 
that saturated solutions of magnesium chloride, calcium chloride, and 
potassium carbonate, are suitable for humidity control at 1o° C., giving 
as good results as the most favorable concentrations of sulphuric acid. 
Solutions of magnesium nitrate and sodium dichromate are next in rank. 
For Amaryllis pollen, potassium thiocyanate can be classed with these. 
But this solution is considered unsuitable for long storage of Lilium pol- 
len because of sharp declines in germinating power after six and seven 
months. Ammonium nitrate also proved unsatisfactory, early in the course 
of the work, doubtless due to its unstable nature. 

It must be pointed out that good results are sometimes obtained with 
storage of Lilium pollen in a gelatin capsule at 7° C., with no humidity 
control. The oily character of this pollen tends to hold the grains in a 
close mass and to protect them somewhat against loss of water, especially 
when storage is not too prolonged. 


II. POLLINATIONS WITH POLLEN STORED IN CON- 
TROLLED HUMIDITIES AND IN VACUUM 

Good germination of pollen on the sugar-gelatin-yeast medium gave 
continued evidence of the ability of the grains to produce apparently 
functional tubes after storage for eight or nine months in some of the 
conditions of the original experiment. This method is a convenient one, 
available for testing viability at any time of year. For comparison, con- 
trolled pollinations were made with the stored pollen on hand, as flowers 
of the same species came into bloom. 

L. longiflorum. In the greenhouse from the middle of April into May, 
all flowers were emasculated in bud and pollinations were made with pol- 
len stored the previous year at humidities of 50 and 65 per cent at to° C. 
and under reduced pressure at 5° C. and 20° C. In most cases the pollen 
was applied on the moist stigma with no deviation from the usual proce- 
dure. In a few cases, the style was cut, a portion removed, the upper part 
replaced and held in position by a dandelion scape; the pollen was ap- 
plied to the stigma of the much shortened style. In three of seven trials, a 
small amount of seed was set, showing that the connection was close 
enough to allow the tubes to function. This procedure was not repeated 
since it was found that the pollen tubes grew adequately in length and 
rate for the normal length of the style. 

Eight flowers pollinated with pollen stored since the preceding August 
in a vacuum at 5° C. produced eight capsules with 764 seeds. With pollen 
stored at 10° C. in 65 per cent humidity, 12 capsules resulted from 21 
pollinations, producing 435 seeds. Pollen stored at 10° C. in 50 per cent 
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humidity was available in only very small amount, and was probably 
spread too much in attempting ten pollinations, of which only three took, 
with 28 seeds produced. There was no capsule or seed production when 
pollen from 20° C. in a vacuum was used. Representative capsules are 
shown in Figure tr. 

Longiflorum seed produced by means of pollen stored at 65 per cent 
humidity, 10° C., showed 75 per cent germination; from 5° C. vacuum, 
showed 74 per cent; and from 50 per cent humidity, 43 per cent germina- 
tion. 

L. auratum. Flowers of this species were available in quantity on Au- 
gust 20. Emasculated and bagged flowers were pollinated with pollen 
stored twelve months earlier at 10° C. in 35 and 50 per cent humidity, 
with two lots stored in gelatin capsules with no humidity control at 
—11°C. (first two months either at —5° C. or —17° C., depending upon 
the lot), and with pollen under reduced pressure at 5° C. and 20° C. Since 
no tube still sealed under reduced pressure at —5° C. was available, one 
which had been opened for sampling the latter part of March and then 
plugged with cotton, was used to represent this condition. Five pollina- 
tions were made in each case except those pollens in 35 and 50 per cent 
humidity where barely enough was available for three stigmas each. 

Five capsules resulted from five tries with pollen from reduced pres- 
sure at 5° C. (1636 seeds) and at —5° C. (1479 seeds) and from normal 
pressure in gelatin capsules at —11° C. with first two months at —5° C. 
(1054 seeds). Pollen from gelatin capsules originally at —17° C. for two 
months followed by ten months at — 11° C. was less effective as indicated 
by four takes out of five (458 seeds), smaller average size of capsules, and 
more chaff. Capsules produced by the use of pollen stored under these 
conditions (reduced pressure and gelatin capsules) are shown in Figure 2 A 
and B. Germination of seeds produced by these pollens ranged from 72 
to 76 per cent showing fairly uniform results in the four cases. 

When pollen from 35 and 50 per cent humidity was used, no seeds 
resulted although pollination stimulated growth of two chaffy capsules 
out of three trials in each case; those produced as the result of pollen 
stored in 50 per cent humidity are shown in Figure 2 A. Neither capsule 
nor seeds resulted with the use of pollen stored at 20° C. in a vacuum. 

L. speciosum var. rubrum. From August 12 to 20, 1936, similar pollina- 
tions were made on flowers of this variety with pollen of the same sort 
stored in August 1935, under reduced pressure at 5° C. and —5° C., under 
atmospheric pressure in gelatin capsule at —11° C. (originally —17° C.) 
and in controlled humidities of 35 and 65 per cent at 10° C. 

Nine takes (1415 seeds) from fifteen tries with pollen from —5° C. in 
vacuum, five takes (708 seeds) from ten tries with pollen from 5° C. in 
vacuum, and five takes (252 seeds) from five tries with pollen in a gelatin 
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Ficure 1. L. longiflorum capsules: produced by means of pollen stored the previous 
August; pollinations April 25 to May 19. Photographed June 19. 
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FiGuRE 2, L. auratum capsules resulting from pollinations made July 30 to August 20 
with pollen stored the previous year. A. Storage in August, under the conditions indicated 
in the labels; B. Storage in August, in gelatin capsules; C and D. Storage in September in 
paraffin paper only, except where marked plus gelatin capsule; control capsule produced 


with fresh pollen of the current year, 
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FIGURE 3. L. speciosum var. rubrum capsules produced by means of 
pollen stored the previous August. Pollinations in August. 
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capsule at —11° C., show the best of the conditions used for preserving 
viability of the pollen (Fig. 3). Five and three flowers respectively were 
pollinated with pollen from 35 and 65 per cent at 10° C., because of small 
amounts of pollen available. Two capsules with 22 seeds resulted in the 
case of pollen from 35 per cent humidity (Fig. 3). 

Germination percentages were 79 per cent for seeds produced by use 
of pollen from —5° C. in vacuum, 65 per cent from 5° C. in vacuum, and 
86 per cent from gelatin capsule at —11° C. 

L. philippinense. Flowers in bloom in a gauze-covered cage during late 
August were emasculated early but not bagged. Pollen was available from 
humidities of 35, 50, and 65 per cent at 10° C.; from vacuum at 5° C. 
and also from —5° C. sealed until the end of March and then plugged 
with cotton. Five pollinations were made in each case except for four at 
35 per cent humidity and three at 50 per cent humidity, with the follow- 
ing results: vacuum —5° C., five capsules, 4805 seeds; vacuum 5° C., 
four capsules, 3889 seeds; 35 per cent humidity, two capsules, 192 seeds; 
50 per cent humidity, three capsules, 94 seeds; and 65 per cent humidity, 
four capsules, 893 seeds. Unquestionably, the pollen stored under re- 
duced pressure gave the largest seed production. 

Germination tests of seeds from each group gave 94 to 99 per cent 
germination with the exception of seeds resulting from pollen stored at 
50 per cent humidity, with 68 per cent germination. 


DISCUSSION 


No accurate comparison can be made between the percentage of pollen 
grains germinating under natural conditions upon the stigma and that on 
an artificial medium. However, the set of seed in some cases was greater 
than would have been anticipated from the last germination percentages 
obtained on the sugar-gelatin-yeast medium. This was notable in the 
cases of storage of pollen with no humidity control under reduced pres- 
sure at 5° C. or —5° C. and in gelatin capsules with atmospheric pressure 
at temperatures below freezing (—11° ,— 5° C.). The pollen stored in con- 
trolled humidities was available in lesser amounts and had also undergone 
slight exposure to other conditions of temperature and moisture at the 
times of sampling for germination during the preceding twelve months. It 
is possible that the small number of pollen grains was responsible for the 
small number of seeds produced after pollen storage at 10° C. in controlled 
humidities. 

Advantage has been taken of some of these methods in the storage of 
pollen of other species of Lilium for use in interspecific pollinations. Posi- 
tive results have been obtained with pollen stored 71 days at 10° C. in 50 
per cent humidity, others stored up to 289 days at 10° C. in 65 per cent 
humidity, and up to 301, 352, and 365 days at — 10° C. in gelatin capsules. 
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It must be noted that these data do not indicate relative effectiveness, 
since the chance of setting seed in these cases involves other factors of 
compatibility and sterility. Positive results, however, indicate longevity 
of pollen under the particular conditions used. 


III. CONTROLLED POLLINATIONS WITH POLLEN 
STORED IN PARAFFIN PAPER 

Controlled pollinations were also used as a means of determining the 
effectiveness of a method of pollen storage reported by Horsford (1). He 
found it possible to save L. auratum pollen from late one year until the 
following spring for use on early blooming lilies by means of wrapping it 
in several sheets of paraffin paper. Pollen of L. auratum and L. speciosum 
var. rubrum were used. 

L. auratum. On September 11, freshly collected stamens of L. auratum 
were allowed to stand till the pollen was fairly dry, then divided into lots, 
three of which were placed directly in several wrappings of paraffin paper. 
Paper packets were placed directly in stoppered vials for storage at the 
following temperatures: 1) room temperature; 2) refrigerator, 7° C.; 3) 
—10° C. Pollen was also stored at —10° C. enclosed in a gelatin capsule 
which was then wrapped in paraffin paper. Stamens and pollen of the 
same collection allowed to dry at room temperature till the following day 
were similarly wrapped in paraffin paper only, and stored at room temper- 
ature and at —10° C. 

Tests of germinating ability made on the sugar-gelatin-yeast medium 
the following June gave negative results with pollen stored at room tem- 
perature, 6 and 7 per cent in the refrigerator, 32 and 38 per cent in paper 
at —10° C. with pollen fresh at the time of storage, 20 and 34 per cent 
with pollen a day old at storage, 28 and 28 per cent at —10° C. for pollen 
within capsule and paper. 

At the end of July and beginning of August when the pollen had been 
stored more than ten months, pollinations were made using flowers which 
were emasculated and bagged prior to and following application of stored 
pollen. At this time, the pollen from room temperature and refrigerator 
appeared dry and discolored, that in —10° C. retained the original bright 
color. There was some capsule and seed production from pollen of each 
storage condition, but with great difference in size of pod and proportion 
of seed and chaff. The most successful were those resulting after storage 
at —10° C. whether fresh or day-old pollen was stored (Fig. 2 C and D). 
Ten tries with pollen in gelatin capsule plus paraffin paper gave ten pods 
with about 3200 seeds, twenty tries with pollen in paper yielded twenty 
pods with about 3400 seeds, while thirteen tries with day-old pollen in 
paper gave thirteen pods with about 1950 seeds. On the other hand, with 
pollen from the refrigerator (7° C.), thirteen pollinations resulted in but 
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eight pods with 65 seeds. Pollen at room temperature gave less satis- 
factory results, producing two pods with 21 seeds when stored fresh and 
five pods with 52 seeds when a day old at storage. 

Germination of the seed produced was almost 75 per cent for seed re- 
sulting from pollen stored fresh at —10° C. in paper only, 47 per cent in 
that stored after drying in air 24 hours, and 33 per cent in paper plus 
gelatin capsule. With the small numbers of seed available from pollen 
stored at room temperature and in refrigerator, 62 and 54 per cent germi- 
nation were obtained respectively. 

If comparison is made of the number of auratum seedlings obtained 
per pollination (in a single germination test in each case) through the use 
of pollen from all the various storage conditions at temperatures lower 
than room temperature, tried in Sections II and III, the order from great- 
est to least runs thus: (1) with pollen under reduced pressure either at 
5° C. or —5° C.; (2) with atmospheric pressure at —5° to —11° C. in 
gelatin capsule; (3) at —10° C., either in paraffin paper or gelatin capsule 
within paraffin paper; (4) at —10° C. in gelatin capsule alone and day-old 
pollen at —1o0° C. in paraffin paper; (5) and least at refrigerator tempera- 
ture (7° C.) in paraffin paper. 

L. speciosum var. rubrum, Pollen was stored only at room temperature 
and at —1o° C., in each case wrapped in several layers of paraffin paper 
either with or without a gelatin capsule; it was stored soon after being 
collected in September. Tests for germination made the following June 
on the cane sugar-gelatin-yeast medium gave negative results for that 
stored at room temperature and 5 and to per cent in duplicate tests for 
pollen at —10° C. 

Controlled pollinations were made the following August. Two series 
of tests in different locations with pollen from —10° C., within a gelatin 
capsule wrapped in paraffin paper, gave nine pods (about 1250 seeds) 
from nine tries and five pods (about 775 seeds) from five tries (Fig. 3). 
Pollen from —1o° C. within paraffin paper only gave six somewhat chaffy 
pods (203 seeds) from seven tries. Pollen from room temperature in ten 
trials produced two small pods with 22 seeds, all viable. Germination 
tests involving larger numbers of seeds resulting from pollen stored at 
—10° C, gave go per cent germination in each case. 

The results show that the combined use of gelatin capsules and paraffin 
paper for storage of Lilium pollen at —10° C. is more favorable than paper 
alone or capsule alone. In either case, loss of moisture may be involved, 
since there is some evidence of adherence of pollen to the lightly paraf- 
fined paper, and the capsules in themselves are not proof against water 
loss. Results from storage at —10° C. are much more successful than stor- 
age within paraffin paper in a refrigerator at 7° C. or at room tempera- 
ture. Furthermore, drying of the pollen for 24 hours after collecting re- 
duces the amount of good seed per pollination. 
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GENERAL SUMMARY 


Pollen of Lilium species stored for the greater part of a year re- 
mained viable, and when applied to stigmas yielded seed which gave a 
high percentage of germination and produced strong seedlings. 

Controlled pollinations made with such pollen lead to these conclu- 
sions: 

1. Storage of pollen under reduced pressure at 5° or —5° C. can be 
especially recommended for long intervals. Capsules, with a good set of 
seeds, were formed in every case. On the other hand, storage in vacuum 
at 20° C. gave negative results for L. auratum and L. longiflorum. 

2. Pollen can be stored with less expenditure of labor at —10° C. or 
—11° C., especially when the pollen is enclosed in a gelatin capsule, which 
is then wrapped in paraffin paper. This is more satisfactory than pollen 
either within gelatin capsule alone or paraffin paper alone, for the two 
species tried. 

3. Pollen of LZ. auratum, wrapped in paraffin paper, at refrigerator 
temperature (7° C.), produced little seed, that at room temperature even 
less. 

4. Storage of pollen at 10° C. in humidities of 35, 50, and 65 per cent 
can be recommended as a third method. Variable results obtained for the 
four species, as well as the small amount of seed set, may be related to 
the small amount of pollen available. This method used with larger 
amounts of pollen of other species has given set of seed after intervals up 
to 289 days of storage. 

The humidity in these cases was controlled by means of concentrations 
of sulphuric acid. Saturated solutions of magnesium chloride, calcium 
chloride, and potassium carbonate were found to give as good results as 
sulphuric acid concentrations when viability was determined by means 
of germination of pollen on hanging drops of a solution of 7 per cent cane 
sugar, 1.5 per cent gelatin plus boiled yeast. The saturated solutions are 
easier to prepare and to maintain and are recommended as a means for 
controlling humidity in desiccators for storage of pollen of the four 
species of Lilium used and of hybrid Amaryllis. Magnesium nitrate and 
sodium dichromate solutions preserve viability in lesser degree (10 to 15 
per cent lower germination in general); potassium thiocyanate ranks with 
these for storage of Amaryllis pollen. 
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EVIDENCE THAT PLANT TISSUE FORMS A 
CHLORINE-CONTAINING 6-GLUCOSIDE 
FROM ETHYLENE CHLORHYDRIN! 


LAWRENCE P. MILLER 


Considerable quantities of ethylene chlorhydrin are absorbed by 
potato tubers (Solanum tuberosum L.) when they are exposed to the chlor- 
hydrin under conditions which have been found to break the rest period 
(2, 6, 13). Since chlorhydrin forms a constant boiling mixture of minimum 
boiling point with water, the absorbed chlorhydrin can readily be re- 
covered from the treated tubers by distillation. Determinations of the 
amount of chlorhydrin present at intervals after the end of treatment have 
shown (11) that the chlorhydrin content decreases rapidly after treat- 
ment so that after about a week or ten days no unaltered chlorhydrin re- 
mains in the treated tubers. It has been found that only a small amount of 
the absorbed chlorhydrin is subsequently given off by the tubers in the 
form of vapor into the surrounding air and that the greater part of the 
chlorine from the absorbed chlorhydrin is left in the tubers. 

Analyses of treated and control tubers for total chloride (after un- 
altered chlorhydrin is no longer present) by the method of Sunderman and 
Williams (16), which includes a preliminary heating with normal KOH 
before the use of an open Carius method, have shown the presence of the 
additional chlorine from the absorbed chlorhydrin. A chlorine determina- 
tion by the method of Sunderman and Williams includes not only in- 
organic chloride but also any chlorine present in organic combination of 
such a nature that heating with KOH converts it into an ionic form. Total 
chloride determinations by an open Carius method with and without 
previous treatment with KOH on control tissue and on treated tissue after 
unaltered chlorhydrin was no longer present have shown (12) that the 
chlorine from the chlorhydrin remains in a non-ionic form and that con- 
trol tissue contains no non-ionic chlorine. 

Unpublished results have shown that the corms of Gladiolus, the rest 
period of which can also be broken by ethylene chlorhydrin (3, 5), can 
absorb much larger quantities of the chlorhydrin without injury than 
potato tubers and that the chlorhydrin content of treated corms decreases 
more rapidly after treatment than with potato tubers. As with the potato 
the chlorine remains in a non-ionic form after no unaltered chlorhydrin is 
left in the gladiolus tissue. Thus, for a study of the compound formed from 
the chlorhydrin the gladiolus is more favorable material than the potato 
since larger quantities of the compound can be obtained in a given amount 
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of tissue. The maximum concentration of chlorhydrin that can con- 
veniently be obtained in the potato without injury is about 160 mg. per 
roo g. tissue, while in some of the experiments with gladiolus a concentra- 
tion of 700 mg. per 100 g. of tissue brought about no injury. The investi- 
gations completed at the present time indicate that the compound formed 
from the chlorhydrin is similar if not identical in the two tissues studied. 

The experiments reported in the present paper show that the chlorine- 
containing compound formed from the chlorhydrin is hydrolyzed by emul- 
sin with the release of a volatile chlorine compound and reducing sugar or 
at least a substance which reduces Fehling’s solution. Preliminary studies 
on the effect on optical rotation have also shown that on hydrolysis by 
emulsin there is a shift in optical rotation toward the right. The formation 
of reducing sugar by emulsin hydrolysis together with a change in optical 
rotation toward the right is the basis of the method used by Bourquelot 
[quoted by Klein (9, p. 810)] and his students for demonstrating the pres- 
ence of glucosides in plants and the results suggest strongly that the 
chlorine compound in question is a $-glucoside. 


METHODS 


Gladiolus corms and potato tubers were treated with ethylene chlor- 
hydrin by the methods previously described (2, 6, 13). Subsequent to the 
end of treatment the material was stored in open containers or in desic- 
cators through which a stream of air was drawn. After unaltered chlorhy- 
drin was no longer present the tissue was either extracted with 80 per cent 
alcohol or the juice expressed by squeezing through cheesecloth after 
grinding through a food chopper. To obtain a more complete yield of the 
compound several portions of distilled water were added to the residue 
and further extracts obtained. 

For the tests with emulsin the hydrolysis was allowed to proceed in a 
volume of 200 cc. at 31° to 32° C. in the presence of 50 mg. emulsin and 
about 0.25 millimols of the organic chlorine compound per too cc. The 
solutions were buffered with M/2o0 acetate buffer at pH 4.75. At the end 
of the test period an aliquot was taken for the determination of reducing 
sugar by the method of Quisumbing and Thomas (14) with subsequent 
determination of the cuprous oxide formed by titration with N/20 
KMNO, after solution in ferric sulphate and sulphuric acid. Another 
aliquot was taken and distilled to one-half its volume and the distillate 
heated with an equal volume of N KOH. After cooling, the chloride pres- 
ent was determined by titration by the Volhard method. Controls were 
carried through the same procedure except that no emulsin was added. 
In some cases the solutions were also examined with the polariscope to 
determine the shift in optical rotation produced by the emulsin hydrolysis. 
For these tests smaller volumes containing higher concentrations of the 
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organic chlorine compound were employed. Commercial preparations of 


emulsin were used. 
RESULTS 


Hydrolysis by sulphuric acid. In the method used for the routine de- 
terminations of the amount of chlorhydrin present in tissues or expressed 
juices of treated material the distillations are carried out at a pH value 
of about 4.5. As stated in the introduction, under these conditions no 
volatile chlorine compound is obtained after the chlorhydrin has been 
altered in the tissue. Experiments have shown, however, that on the ad- 
dition of appreciable quantities of sulphuric acid a volatile chlorine com- 
pound is again obtained on distillation. The data given in Table I were 
obtained by adding various quantities of sulphuric acid to a concentrated 
potato extract containing altered chlorhydrin and distilling to half the 
original volume. The distillate was heated with N KOH and the chloride 


TABLE | 


HYDROLYsIS BY HEATING WITH SULPHURIC ACID OF CHLORINE COMPOUND FORMED BY 
Potato TUBERS FROM ABSORBED ETHYLENE CHLORHYDRIN 


H.SOu,, Volatile Cl compd. 
g. per 100 cc. obtained, % 
° Trace 
I Trace 
2 igi 
4 8.9 
8 58.5 
16 83.0 
Vol. compound 98.5 


determined and percentage recovery calculated on the basis of the non- 
ionic chlorine known to be present from determinations of the chloride 
content by an open Carius method with and without previous heating 
with KOH. The potato extract used was obtained by concentration of 
expressed juice by evaporation and thus contained many other substances 
in addition to the non-ionic chlorine compound. The data furnish, how- 
ever, preliminary information on the ease of hydrolysis of this chlorine 
compound and show that if over four grams of H2,SO, were present in roo 
cc. of concentrate over 50 per cent of the non-ionic chlorine was recovered 
in the distillate. That the low recovery of the volatile chlorine compound 
with the addition of small amounts of sulphuric acid was not merely due 
to low volatility of the compound is shown by the last determination 
given in the table in which some of the volatile chlorine compound pre- 
viously obtained by distillation with acid was redistilled without the 
addition of any acid. This shows that the compound once formed is quite 
volatile and that the low recovery in the presence of small amounts of acid 
is due to incomplete hydrolysis under these conditions. 
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The non-ionic chlorine compound formed in gladiolus tissue from ab- 
sorbed chlorhydrin was similarly hydrolyzed by boiling with sulphuric 
acid with the recovery of a volatile non-ionic chlorine compound. The 
identity of the volatile compound thus obtained has not been definitely 
established but preliminary tests indicate that it may be ethylene chlor- 
hydrin. 

These results, therefore, suggest that the reaction undergone by the 
absorbed ethylene chlorhydrin in both potato and gladiolus tissue involves 
the —OH group. Since many substances undergo detoxication in the 
animal organism through combination with glucose to form the well 
known glucuronic acid derivatives and since plants can form $-glucosides 
it was decided to test the action of emulsin on the compound formed in 
the tissue from the chlorhydrin. 

Hydrolysis by emulsin. Because the compound investigated contains 
chlorine in organic combination and on hydrolysis a volatile chlorine 
compound is released as well as a product or products which reduce 
Fehling’s solution, it is possible to follow the course of the action of emul- 
sin by estimation of both the increase in reducing substances and deter- 
mination of the amount of the volatile chlorine compound formed. Table 
II shows some of the data obtained by the use of emulsin on extracts ob- 
tained from gladiolus tissue which contained the product resulting from 
the absorbed chlorhydrin. The conditions employed for the enzymatic 
hydrolysis were those described under ‘‘methods’’ except in the first case 
given in which only 20 mg. of emulsin per too cc. were used and in the 
last experiment shown in which too mg. emulsin per roo cc. were em- 
ployed. The last three sets of data were obtained from corms of the Sou- 
venir variety and all the others from the Alice Tiplady variety. Most of 
the determinations were made with the use of expressed juice which had 
been heated to boiling to remove substances which precipitate out on 
heating and which had been subsequently further purified by precipita- 
tion with lead acetate and removal of excess lead with sodium oxalate. 
Concentration by evaporation was employed in some cases. Some tests 
were made on expressed juice directly and others on a butyl alcohol ex- 
tract (after evaporation of the butyl alcohol) of the expressed juice which 
had been previously treated with lead as indicated above. 

The quantities of the products obtained by the hydrolysis are ex- 
pressed in the table as millimols. The reducing substances formed were 
calculated as glucose. Column 4, Table II, lists the millimols of the volatile 
chlorine compound obtained and the figures in column 8 show the cor- 
responding quantity of reducing sugar expressed as glucose. The formation 
of the volatile chlorine compound definitely shows that the compound 
formed from the ethylene chlorhydrin is attacked by the emulsin but since 
the enzymatic hydrolyses were carried out on crude preparations the re- 
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ducing sugar formed does not necessarily all arise from the chlorine com- 
pound. It will be noted that the amounts of reducing substances found, 
calculated as glucose, correspond to considerably more than one molecule 
of glucose for one molecule of the volatile organic chlorine compound. 
An understanding of the appearance of the larger quantity of reducing 
sugar, calculated as glucose, must await investigation with purer, prefer- 
ably crystalline, preparations of the chlorine compound hydrolyzed by the 
emulsin. The identity of the sugar formed can then be definitely estab- 
lished. A study of the action of emulsin on extracts obtained from gladiolus 
corms which had not been exposed to ethylene chlorhydrin showed that 
emulsin brought about only a slight increase in reducing sugar. Thus the 


TABLE IL 


HYDROLYSIS BY EMULSIN OF ORGANIC CHLORINE COMPOUND FORMED BY GLADIOLUS 
TISSUE FROM ABSORBED ETHYLENE CHLORHYDRIN 


Volatile Cl compd. recovered, Reducing sugar, as glucose, 
Time millimols % of org. millimols 
inure : = chlorine 

With Without Diff recovered With Without Diff 

emulsin emulsin a emulsin | emulsin uN 
12-5 0,120, |) 9) ofo0os O.115 2250 Tea iek 0.94 OQaity 
18.0 0.28 None 0.28 Ro ar iy 0.97 0.48 
47.0 0.39 Trace 0.30 7A. 2 Te ©.99 0.72 
i7.8 0.34 Trace 0.34 65-4 155 0.94 0.61 
45.8 ©.39 Trace 0.39 74.8 The 0.95 0.78 
47.0 OFs3 Trace Os33 75 10 0.94 0.38 0.56 
pe 0.38 Trace 0.38 100.0 0.66 0.05 0.61 
38.0 0.62 0.09 0253 31.6 1.64 On7E 0.93 
17.8 Reis Trace oe75 oie 4.80 2.02 2.78 


action of emulsin on an extract of control tissue corresponding to the ex- 
tract from the treated tissue shown in line 7 of Table II increased reducing 
sugars from o.g2 millimol to 1.00 millimol, which corresponds to an in- 
crease of only 0.08 millimol and is of course insufficient to explain the 
extra glucose obtained by emulsin in the treated extract. It will be noted 
that the sugar content of the control extract is much higher than that of 
the treated, which agrees with earlier investigations (4) showing that the 
treated tissue is lower in reducing sugar. Tests with extract of control 
Alice Tiplady corms also showed only a small increase in reducing sugar 
from the addition of emulsin. With neither variety is any volatile chlorine 
compound obtained by the action of emulsin on control material. 

Yeast invertase (15) did not hydrolyze the chlorine compound and 
hydrolysis of the sucrose in the extracts by invertase did not appreciably 
alter the amount of reducing sugar formed by coincident emulsin hy- 
drolysis. 
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With the potato lesser quantities of ethylene chlorhydrin can be intro- 
duced into the tissue than with gladiolus corms and thus extracts obtained 
from treated tissue contain a considerably lower concentration of the 
chlorine compound than with gladiolus. Expressed juice concentrated by 
evaporation under vacuum, to produce a suitable concentration of the 
chlorine compound for emulsin tests, thus contains extremely large quanti- 
ties of impurities including high amounts of reducing sugars. Such prep- 
arations were only affected to a small degree by added emulsin. After 
partial purification, however, emulsin had similar action to that obtained 
with gladiolus material. Results are shown in Table III. The extracts used 


TABLE III 


HypRo.ysis BY EMULSIN OF ORGANIC CHLORINE COMPOUND FORMED BY POTATO 
TISSUE FROM ABSORBED ETHYLENE CHLORHYDRIN 


Volatile Cl compd. recovered, Reducing sugar, as glucose, 
Time millimols % of org. millimols 
Hoare chlorine 

With Without ; recovered With Without | : 

emulsin | emulsin Diff. emulsin | emulsin Diff. 
42.0 Onze None ©..22 34.8 ©°.9gI 0.69 OQ, 22 
40.3 Ona None 0.31 76.0 Ona7 ° 0.37 
41.0 Ono Trace On27 60.0 0.58 O.14 0.44 


were obtained as follows. Expressed juice after allowing the starch to 
settle out was heated to 80° C. and filtered. The filtrate was evaporated 
to about one-fourth its original volume under vacuum. Upon the addition 
of a large volume of acetone an oily layer separated out. The acetone layer 
which contained most of the organic chlorine compound was removed and 
the acetone distilled off under vacuum and the aqueous solution remaining 
then contained most of the organic chlorine originally present. Such a 
solution was used for the first test shown in Table III. For the last two tests 
solutions prepared in this way were extracted continuously with butyl 
alcohol and butyl alcohol extracts thus obtained were used after the addi- 
tion of water and evaporation of the butyl! alcohol. 

Optical activity. The method used so successfully by Bourquelot [as 
quoted by Klein (9, p. 810)] for demonstrating the presence of glucosides 
in plant extracts and which has led to the isolation of a large number of 
new glucosides depends upon an increase in reducing sugar by the action 
of emulsin and a change in optical rotation toward the right. All known 
plant glucosides which are hydrolyzable by emulsin are laevorotatory and 
thus hydrolysis of the glucoside results in a decrease in the extent of the 
laevorotation of the solution. Preliminary tests on changes in optical 
activity of gladiolus extracts containing the chlorine compound hydrolyz- 
able by emulsin have shown such a change in optical rotation. Thus in one 
experiment a gladiolus extract containing 5.6 millimols of organic chlorine 
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per roo cc. gave an observed rotation in a decimeter tube with a sodium 
light of —o.36°. After hydrolysis by emulsin for 17.5 hours with the for- 
mation of 1.75 millimols per roo cc. of the volatile chlorine compound and 
2.78 millimols of reducing sugar calculated as glucose the observed rota- 
tion was +0.08°. The observed rotation of an extract of gladiolus tissue 
which had not been treated with ethylene chlorhydrin (which represented 
somewhat less tissue than the extract from treated material and was, there- 
fore, more dilute) was +0.06° in a two decimeter tube and after the action 
of emulsin resulting in the formation of 0.08 millimols of reducing sugar 
(as glucose) per too cc., the change in rotation was so small as to be within 
the error of the instrument used for determining optical activity. In an- 
other experiment an extract of treated tissue which had been partially 
purified and concentrated and which contained 14.5 millimols of organic 
chlorine per too cc. the observed rotation in a decimeter tube was —1.54°. 
After treatment with emulsin resulting in hydrolysis of 52 per cent of the 
chlorine compound and the formation of 10.5 millimols of reducing sugar 
per roo cc. the observed rotation was +0.03°. 


DISCUSSION 


The formation of a glucoside from the absorbed ethylene chlorhydrin 
may be regarded as a detoxication. Ethylene chlorhydrin is a very reactive 
compound. It not only contains very active chlorine but is also a fat 
solvent and it is unlikely that plant tissue could survive the absorption of 
appreciable quantities of the chlorhydrin if means were not available for 
rendering it less active. Through the changes which the chlorhydrin under- 
goes in potato and gladiolus tissue it loses its character as a fat solvent and 
preliminary tests (unpublished) indicate that the chlorine in the compound 
formed from the chlorhydrin is less active than in the original chlorhydrin. 

If further work substantiates the evidence already obtained for the 
formation of a 8-glucoside by plant tissue from absorbed ethylene chlor- 
hydrin the result is of considerable interest because it offers a definite case 
in which a plant utilizes B-glucoside formation for rendering less active an 
introduced chemical. Ciamician and Ravenna are quoted by Armstrong 
and Armstrong (1, p. 86) as having published work indicating that maize 
plants can form glucosides when inoculated with aromatic products, such 
as saligenin, of the hydrolysis of glucosides. Many of the known aglucons 
are very reactive substances and it is thought that glucoside formation 
may serve as a means of rendering less harmful toxic metabolic products 
(9, p. 808). These results with chlorhydrin indicate that the plant can 
also form glucosides from substances which are not known aglucons and 
which are not products of metabolic activity. Thus glucoside formation 
may serve as a detoxication mechanism which can detoxicate introduced 
chemicals as well as toxic products of plant metabolism. 
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It is possible also that the formation of a glucoside from the ethylene 
chlorhydrin or at least the effect of the chlorhydrin treatments on the 
glucoside-glucosidase balance may be of direct importance in connection 
with the dormancy breaking action of the chlorhydrin. Armstrong and 
Armstrong (1) stress the regulatory action of the glucoside systems in 
plants. 

A study of the reactions brought about by living plant tissue on intro- 
duced substances should offer a valuable field of investigation yielding 
information on the types of reactions plant tissues can bring about. The 
detoxication mechanisms employed by animal organisms have been given 
much study and have yielded very interesting results. Such studies have 
received relatively little attention in plant investigations although data 
available show that a variety of foreign substances undergo reactions when 
introduced into plants. Thus potato tissue readily reduces methyl and 
ethyl disulphide to compounds giving the nitroprusside test (10) and 
several methods proposed for testing the viability of seeds involve the 
use of chemicals which undergo change as the result of the vital activities 
of the seeds (7, 8). 

If potato and gladiolus tissue can form a 6-glucoside from ethylene 
chlorhydrin it is probable that glucosides can be formed by plant tissue 
from other substances not known to occur in plants. It may be possible 
to obtain glucosides in this way from aglucons which do not lend them- 
selves readily to glucoside formation by the ordinary chemical methods. 


SUMMARY 


The non-volatile organic chlorine compound formed by potato and 
gladiolus tissue from absorbed ethylene chlorhydrin is hydrolyzed by 
emulsin with the formation of a volatile organic chlorine compound (which 
may be ethylene chlorhydrin) and reducing sugar, or at least a substance 
or substances which reduce Fehling’s solution. 

Preliminary tests on the effect of emulsin hydrolysis on optical activity 
(with gladiolus material) show that the shift in optical activity is toward 
the right. 

These results offer strong evidence that the compound formed from 
the absorbed chlorhydrin is a B-glucoside and that glucoside formation 
can be utilized by plant tissue to render less active an introduced chemical. 
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A NEW METHOD FOR THE DETERMINATION OF 
GLUTATHIONE IN TISSUES BASED ON ITS 
REACTION WITH SULPHUR TO FORM 
HYDROGEN SULPHIDE! 


Joun D. GUTHRIE 


It is well known that the iodometric methods commonly used for the 
determination of glutathione in tissues give values that are much too 
high. This is due largely to the presence of ascorbic acid which also reacts 
with iodine, but even if correction is made for this, the possibility remains 
that there are substances in the tissue other than ascorbic acid or glu- 
tathione that reduce iodine in acid solution. A more specific reaction for 
glutathione is its action with elemental sulphur to yield hydrogen sulphide. 
This reaction, so far as known, is given only by compounds having an SH 
group. It was suggested by Guthrie and Wilcoxon (3) that this reaction 
could be used for the estimation of glutathione. However, it was necessary 
to use the method empirically, since theoretical recovery of H2S, calculated 
from the reaction 2GSH+S—GSSG-+H,S, was not obtained by the pro- 
cedure used. In one form or another the method has been used for several 
years to determine the glutathione content of potato tissue. Various im- 
provements have been made from time to time, and recently conditions 
have been found with which theoretical recovery of HeS can be obtained 
from glutathione in metaphosphoric acid solution and almost theoretical 
recovery from extracts of potato tissue. 


METHOD 


Development of the method. In certain experiments it was desirable to be 
able to determine both glutathione and ascorbic acid on the same extract. 
Since the method previously used of killing the tissue in boiling water and 
extracting with alcohol proved unsatisfactory for ascorbic acid determina- 
tions, the metaphosphoric acid extraction of Fujita and Iwatake (2) was 
tried. Better recovery of added glutathione from neutralized solutions of 
metaphosphoric acid were obtained than from the dilute alcohol and phos- 
phate buffer previously used, but when neutralized metaphosphoric acid 
extracts of potato tissue were tried, the recovery was lower than from 
pure metaphosphate solutions. This indicated that there was some oxidase 
or heavy metal in the tissue extracts which destroyed either the glutathi- 
one or the hydrogen sulphide. In order to counteract this, the addition of 
KCN to the extracts was tried. This addition increased the yield and gave 
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recovery values that approached the theoretical. Other important im- 
provements that followed were making the determination at a controlled 
temperature of 30° C. and using nitrogen containing a little HCN for 
aerating the HS into the zinc acetate receivers. It was also found that the 
hydrogen sulphide could be determined by iodometric titration somewhat 
more conveniently than by the colorimetric method previously used, but 
the colorimetric method may be useful for certain purposes or where the 
method is used qualitatively. 

Recommended procedure. Cut the tissue into small pieces and drop 50 g. 
into 50 cc. of 5 per cent freshly dissolved metaphosphoric acid contained 
in a large mortar. Add to g. pure quartz sand (washed with aqua regia) 
and grind until fine. Add 50 cc. more metaphosphoric acid and 50 cc. H2O. 
Pour into centrifuge bottles, allow to stand 20 minutes, and centrifuge. 
Filter the supernatant liquid through cotton. Add 3 cc. of 1 per cent KCN 
to 60 cc. of the extract and adjust to pH 6.70 by adding about 2 cc. 
20 per cent NaOH. A few drops of bromothymol blue may be used as an 
aid in adjusting the pH. 

Measure 50 cc. of the neutralized extract into a Van Slyke-Cullen 
aeration tube using a graduated cylinder or a pipette operated by a 
vacuum pump since vapors of HCN are present above the liquid. Add 
10 drops of paraffin oil and 2 cc. of a saturated solution of sulphur in 
absolute alcohol, connect to a receiving tube containing 25 cc. of 2 per cent 
zinc acetate, place in a bath at 30° C. and aerate at once. Rubber connec- 
tions between the reaction tube and the receiver should be reduced by 
using bent glass tubing. Nitrogen containing a little HCN should be used 
for the aeration. This is obtained by passing nitrogen through 90 per cent 
phosphoric acid and then over crude calcium cyanide (cyanogas) dis- 
tributed in three 20-inch tubes connected in series. It is then distributed 
to each determination. The aeration should be rapid, about 40 |. per hour 
and should be done in the hood. This procedure should yield 4 to 6 cc. 
N/1o HCN per hour. 

Stop the aeration after 4 hours and add a known amount of N/1ooo 
or N/200 KIO; to the receiver, depending on the amount of glutathione. 
The cloudiness of the receiver, which is due to ZnS, will serve as a rough 
guide to the amount of KIO; to use. Then add 2 cc. of 1 per cent KI, 
ro cc. 1:5 HCl, and 1 ce. of rt per cent soluble starch to the receiving tube. 
It is important to add the HCI before the starch. Allow to stand until the 
zinc cyanide is completely dissolved. This may require an hour. Titrate 
the excess iodine with N/1ooo NagS.O 3 until all trace of blue tint is gone. 
From the amount of H2S formed, calculate the amount of glutathione 
from the reaction 2¢6SH+S—>GSSG+H,S. In the above procedure the 
aliquot used may be assumed to represent 11.54 g. tissue. For tissues con- 
taining large amounts of glutathione, smaller aliquots may be used, adding 
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water to the reaction tube to make 50 cc. For the determination of the 
H2S a colorimetric procedure may also be used. This was employed ex- 
tensively in the development of the method, but later the volumetric 
method proved more convenient. All quantitative data reported in this 
paper were obtained with the volumetric method. The colorimetric pro- 
cedure is as follows. 

Convert the H2S into methylene blue by adding to the receiving tube 
5 cc. of para-amino-dimethylaniline hydrochloride, too mg. per 100 cc. 
of 20 per cent HCl, and 5 cc. of M/s50 FeCl3.6H:O in 1:9 HCl. Allow to 
stand overnight, wash into a volumetric flask, usually 50 cc., and make to 
volume. Compare in a colorimeter with standards prepared from known 
amounts of hydrogen sulphide. Prepare the standards from a N/1000 
solution of H2S in dilute NaOH, made by dilution from a concentrated 
solution prepared by passing H2S through 100 cc. of N/1t NaOH for 5 
minutes, adding to cc. more of the NaOH and diluting to 1.5 liters. Deter- 
mine the concentration of this solution by iodometric titration using N/s50 
iodine and N/1oo Na2S,O3 and calculate the amount to use for 1 liter of 
N/tooo H2S. The series of standards generally used were made by adding 
1, 2, 5, and rocc. of the N/1ooo solution to 25 cc. of 2 per cent zinc acetate 
in 50 cc. flasks, adding 5 cc. of para-amino-dimethylaniline hydrochloride 
and 5 cc. of ferric chloride and making to volume. 

Notes. The large number of experiments which led to the adoption of 
certain details of the above procedure will not be given in detail, but some 
of the conclusions are given in the following notes on the method. 

1. Although nitrogen is recommended instead of air in the aeration, 
this is based on a very small difference in favor of the former obtained in 
some of the experiments. In other experiments nitrogen and air gave about 
the same values. Aeration with nitrogen is recommended, but air might 
be used without serious error if nitrogen were not available. 

2. A little HCN in the nitrogen used for the aeration has been shown 
to be necessary for the best results under the conditions given. However, 
in one experiment in which the temperature was increased to 40° C. satis- 
factory recovery was obtained using KCN in the extract, but no HCN in 
the nitrogen. This possibility might be investigated further. 

3. All the H2S is absorbed by one receiving tube, since no test for H2S 
could be obtained in a second tube when it was used. Adding a little NaOH 
to the zinc acetate receivers did not increase the recovery of H2S. 

4. The H:S was in a free condition at the pH used in the determina- 
tions since acidifying the solutions toward the end of the aeration did not 
liberate any extra H.S. 

5. In experiments with metaphosphoric acid solutions and no KCN 
or HCN, all of the HS came over in about three hours. When KCN and 
HCN were used, a little H2S continued to come over even after four hours’ 


226 CONTRIBUTIONS FROM BOYCE THOMPSON INSTITUTE [Vor. 9 


aeration. This was due to the slight reducing action of the HCN on the 
oxidized glutathione formed in the reaction and appears to be unavoid- 
able. This action appeared to compensate nicely for certain small losses 
so that four hours at 30° gives values close to theoretical. 

6. The effect of the cyanide in the receivers during the determinations 
of the H.S has been investigated and found to be insignificant in both the 
colorimetric and volumetric procedures when these are properly carried 
out. 

7. The receiving tubes may be allowed to stand overnight before de- 
termining the H.S if kept closed. 

8. Since experiments showed that better recovery was obtained when 
the rubber connections between the reaction tube and the receiver were 
reduced to a minimum by the use of glass tubing, this procedure was 
adopted. 

g. Since it was found that temperature fluctuations affected the yield 
and that recovery was better at a temperature slightly above that of the 
laboratory, a constant temperature bath of 30° C. was tried and found 
satisfactory. Temperatures of 40° and 50° C. were also tried and found to 
give too high values. This was due to the higher temperature increasing 
the reducing action of HCN on the oxidized glutathione formed in the 
reaction. Attempts to eliminate this by decreasing the pH or shortening 
the aeration time did not lead to procedures as satisfactory as the one 
outlined. 

to. The amount of sulphur used in the method is adequate up to at 
least 8 mg. glutathione. This was shown by calculations and also by adding 
more in certain experiments, either at the start or at intervals. The satu- 
rated solution of sulphur in alcohol is made by heating absolute alcohol 
with an excess of powdered sulphur, allowing to cool, and filtering. 

Action of IICN. It was found necessary to use HCN in the method in 
order to eliminate the action of oxidase and heavy metals in the tissue 
extracts. Attempts to substitute some other reagent have failed. KSCN, 
thiourea, pyrophosphate, and ethyl carbylamine, the ethyl ester of HCN, 
have been tried. Ethyl carbylamine, CsH;NC, which was prepared and 
tried because Toda (6) found it inhibited catalysis by heavy metals, com- 
pletely inhibited the reaction, probably by combining with the HS. The 
chief objection to the use of HCN is that under favorable conditions it 
reduces oxidized glutathione to reduced glutathione which could then 
react with sulphur. Under the conditions of the method this action is re- 
duced to a minimum by choosing the correct pH, since the reduction of 
oxidized glutathione by HCN is favored by an alkaline reaction. Since it 
seems to be the consensus of opinion that extracts of living tissue properly 
made contain very little or no oxidized glutathione, the reducing action 
of HCN would be limited to the oxidized glutathione formed in the re- 
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action. This unquestionably takes place to a slight extent and should lead 
to high results if it were not compensated by certain minor losses in the 
procedure. The use of HCN does, however, make mandatory that the 
temperature, pH, and time of aeration be controlled in order to obtain 
the best results. 

The necessity of using HCN with tissue extracts to obtain good recovery 
is illustrated by the following: metaphosphoric acid extracts of potato 
tubers and of guinea pig livers were prepared in the usual way, adjusted 
to pH 6.70, a saturated solution of sulphur added and aerated with nitro- 
gen for several hours to oxidize any glutathione present. Part of each 
extract was then slightly acidified, the usual amount of KCN added and 
adjusted again to pH 6.70. The recovery of added glutathione from these 
extracts, using Ne containing HCN, was compared with that from the 
extracts containing no KCN and aerated with nitrogen. Without KCN 
or HCN 0.45 mg. was recovered from 1 mg. of added glutathione in the 
case of potato extract and 1.35 mg. from 2 mg. in the case of liver extract. 
With KCN the values found were 0.99 mg. with the potato extract after 
subtracting a blank of 0.38 mg. and 2.16 mg. with the liver extract after 
subtracting a blank of 1.00 mg. A number of other experiments also 
showed clearly that HCN must be used and considerable work was done 
in establishing the amount of KCN to use and the method of obtaining 
nitrogen containing a little HCN. 

In order to see what the magnitude of the action of HCN on oxidized 
glutathione would be, 5 mg. portions of oxidized glutathione prepared 
according to Mason (5) were tried in several determinations using meta- 
phosphate solutions containing KCN at various pH values and following 
the method in all respects except for pH. The results are given by the 
following. 

pH: Ga2s 60.440 0.0890, 86" 727 27, oe 
GSH found: C200 80507. 0.54. 0,20 © G..03 971520 


It will be seen that even with so large an amount of oxidized glutathione 
as 5 mg., it is equivalent in the method at 30° C. to only 0.14 to 0.26 mg. 
reduced glutathione. From 5 mg. oxidized glutathione a value of 0.45 mg. 
was obtained at 40° C. and 1.61 mg. at 50° C. at pH 6.70. 

Choice of pH. Several experiments in which the pH was varied were 
made during the development of the method. Most of these data will not 
be given since they were obtained prior to certain important changes in 
the procedure. Glutathione begins to react with sulphur at about pH 5.0 
and theoretical recovery under the conditions of the method are obtained 
at about pH 6.70. At values much over pH 7.0 high values may result 
from the action of the HCN on oxidized glutathione which is favored by 
increased alkalinity. In one experiment with various pH values, but other- 
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wise closely following the method, amounts of 1.81, 1.90, 2.02, and 2.06 
mg. were obtained from 2 mg. glutathione in metaphosphate solutions at 
pH 6.63, 6.80, 6.90, and 7.02 respectively. Since in later experiments at 
pH 6.80 the reaction sometimes shifted to about pH 6.90 during the aera- 
tion with the result that slightly high values were obtained with the higher 
amounts of added glutathione, it was decided to recommend pH 6.70 in 
the method. 


SPECIFICITY OF THE METHOD 


The sulphur method has been tried on a number of compounds and so 
far only compounds having an SH group have given strong reactions. 
Weak tests were obtained with compounds having a disulphide group 
due to a slight reducing action of the HCN used in the method to yield the 
corresponding SH compound. Presumably if HCN were omitted, disul- 
phide compounds would be negative. All other compounds tested besides 
sulfhydryl compounds or disulphide compounds have been negative. The 
following compounds gave no H2S in the sulphur method using the colori- 
metric procedure: ergothioneine, d/-methionine, thiourea, potassium thio- 
cyanate, thioacetamide, thiobarbituric acid, d/-valine, /-leucine, lysine di- 
hydrochloride, /-hydroxyproline, p-hydroxyphenyl glycine, glycine, glu- 
tamic acid, arginine, tryptophane, alanine, phenylalanine, /-tyrosine, 
dl-a-amino-N-butyric acid, /-proline, aspartic acid, ascorbic acid, cinnamic 
acid, citric acid, /-malic acid, tartaric acid, oxalic acid, succinic acid, 
benzoic acid, fructose, glucose, sucrose, creatine, creatinine, hypoxanthine, 
uric acid, adenine sulfate, and urea. Positive results were obtained with 
cysteine hydrochloride, thiosalicylic acid, thioglycolic acid, ethyl mercap- 
tan, and butyl mercaptan. Faint reactions were obtained with oxidized 
glutathione, /-cystine, and methyl disulphide. 

The ergothioneine used in the above tests was generously supplied by 
Dr. George Hunter of the University of Alberta. Its failure to react with 
sulphur to form H2S may indicate that it has the formula: 


GH= GC. Creo 
aan Tuli | 

HN NH N —-O 
we 

: (CHs3)3 


( 
| 
S 


instead of the sulfhydryl formula usually given. Hunter and Eagles (4) 
have shown that the sulphur in ergothioneine is much more firmly bound 
than sulphur in glutathione. 
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RECOVERY OF ADDED GLUTATHIONE FROM METAPHOSPHATE 
SOLUTIONS AND FROM TISSUE EXTRACTS 


In order to test the method, recovery from various amounts of glu- 
tathione added to metaphosphate solutions and to tissue extracts was 
determined. In the case of the metaphosphate solutions the procedure was 
the same as in the method, starting with 2.5 per cent metaphosphoric acid, 
adding KCN, and adjusting to the required pH. The tissue extracts were 
made in the way described in the method, but received a preliminary 
treatment with sulphur to oxidize most of the glutathione present and thus 


CC.N/1000 H2S 


O FROM METAPHOSPHATE SOLUTIONS 
*x FROM POTATO EXTRACTS 


Mg. GLUTATHIONE 


Ficure 1. The production of H2S from various amounts of glutathione in the sulphur 
method applied to metaphosphate solutions and to metaphosphoric acid extracts of potato 
tissue. The theoretical line is calculated from the reaction 2GSH+S—GSSG+H.S. 


reduce the blank. They were adjusted to pH 6.7, 10 cc. of a saturated 
solution of sulphur in absolute alcohol added to 420 cc. of extract, and 
aerated with nitrogen for four hours. Potassium cyanide, 21 cc. of 1 per 
cent, was then added and the pH adjusted again to pH 6.70. Various 
amounts of glutathione, to drops of paraffin oil, and 2 cc. of a saturated 
solution of absolute alcohol were added to 50 cc. portions of this solution 
and the aeration started at once according to the procedure outlined in 
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the method. In the case of guinea pig liver extracts, 25 cc. of the extract 
and 25 cc. of water were used. Blanks averaging 0.35 mg. glutathione were 
obtained with the potato extracts and blanks of 1.00 mg. for the liver 
extract. These were subtracted from the values found with various 
amounts of added glutathione. Some of the results are shown in Figure 1 
where the cc. of N/1000 H.S obtained are plotted against the amounts of 
glutathione added. It will be seen that amounts closely agreeing with the 
theoretical were obtained with metaphosphate solutions. With potato 
extracts, the yields were slightly lower, but averaged go per cent of the 
expected. Other results are given in Table I. In this series of experiments 
the average recovery from metaphosphate solutions was 103 per cent, 
and from potato extracts 92 per cent. The average recovery from the liver 
extract was 104 per cent. 


TABLE I 


RECOVERY OF ADDED GLUTATHIONE FROM METAPHOSPHATE SOLUTIONS, FROM EXTRACTS OF 
PotTaTo TISSUE AND FROM EXTRACTS OF GUINEA PiIG LIVER BY THE SULPHUR METHOD 


Glutathione found, mg. 


Glutathione 
added, Metaphosphate solution Potato extract Liver extract 
mg SS — SS 
pH 6.80 pH 6.70 pH 6.70 pH 6.68 pH 6.70 
1.00 1.04 0.88 0.83 0.96 
2.00 2.02 oaente! 1.89 1.63 2.26 
3.00 Bekey7| 2.85 2.81 2.58 2.88 
4.00 4.30 4.05 4.03 3-55 4.35 
6.00 6.30 6.02 6.05 5-36 6.75 
8.00 Gage 8.42 S.23 7.41 8.12 


In order to test the method further, known amounts of glutathione 
were added to potato tissue just prior to analysis and the recovery deter- 
mined. To 50 g. tissue containing 8.5 mg. glutathione, 20 mg. glutathione 
were added. The glutathione found was 27.3 mg. or a recovery of 94 per 
cent. Similarly, 10 mg. were added to the same tissue and 18.0 mg. found 
or a recovery of 95 per cent. 


A COMPARISON OF THE METHOD WITH OTHER 
METHODS FOR GLUTATHIONE 

A comparison of the method was made with some of the methods fre- 
quently used for the determination of glutathione. The first procedure 
was to add 2 cc. of 5 per cent KI to 25 cc. of the metaphosphoric acid ex- 
tract and titrate with N/roo KIO; using starch as an indicator. Since this 
is known to give high results in the presence of ascorbic acid, another 
aliquot of the extract was titrated with 2,6-dichlorophenolindophenol in 
order that a correction could be made for ascorbic acid. Some of the 
results are given in Table II where the two iodometric procedures are 
compared with the sulphur method on potato and guinea pig liver tissue. 


at neem lie 
Ame 
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In some cases the potato tissue was from tubers treated with ethylene 
chlorhydrin, a treatment which greatly increases their glutathione content. 
The guinea pig liver tissue was kindly supplied by Mr. Setterstrom and 
Dr. Hartzell of this Institute. Two of the guinea pigs had been in an 
atmosphere of to p.p.m. SO: for 30 days. It will be seen that very high 
results are obtained by simple iodometric titration and that even if this 


TABLE II 
A CoMPARISON OF VARIOUS METHODS FOR GLUTATHIONE UsING PoTATO AND LIVER TISSUE 
Glutathione, mg. per Ioo g. 
Tissue used : i 1 
oe Iodometric eo Sulphur 
titration acid method 
Potato treated with CH2CICH,OH 226 I12 63.2 
Potato untreated 81 15 9.8 
Potato treated with CH,CICH,OH TAG 52 Eilts 
Potato untreated 76 5 8.9 
Liver from guinea pig, SO» 10 p.p.m. 421 369 198 
Liver from guinea pig, SO. 10 p.p.m. 347 300 116 
Liver from guinea pig, control 421 376 183 
Liver from guinea pig, control 515 462 221 


is corrected for ascorbic acid the results are much higher than obtained by 
the sulphur method. Because of the greater specificity of the sulphur 
method, the above results are interpreted as indicating that both potato 
and liver contain iodine-reducing substances other than ascorbic acid and 
glutathione. 


TABLE III 
A COMPARISON OF VARIOUS METHODS FOR GLUTATHIONE USING POTATO TISSUE 


Glutathione, mg. per 100 g. 
Treatment of tubers : I titration | Binet and 
Todometric | jess ascorbic] Weller Sulphur 
titration ees method method 
Treated with CH,CICH,0H II5 58 41.2 40.2 
Untreated 54 16 9-5 Vol) 
Treated with CH,CICH,O0H 181 04 59.0 60.8 
Untreated 59 12 8.6 9.6 


Other results of comparison of methods are given in Table III. In this 
case the method of Binet and Weiler (1) was also used. This method de- 
pends on a precipitation of glutathione with cadmium lactate to obtain 
specificity prior to iodometric titration. The results show that with potato 
tissue it gives results in good agreement with those obtained by the 
sulphur method. 
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SUMMARY 


A method for the determination of glutathione in tissues based on the 
reaction 2GSH+S—GSSG+H.S is described. The method gives satis- 
factory recovery of added glutathione from tissues and from tissue ex- 
tracts. Due to its specificity it gives lower results than the iodometric 
method, even when this is corrected for ascorbic acid. It is in good agree- 
ment with the cadmium lactate method of Binet and Weller when applied 
to potato tissue. 


LITERATURE CITED 


1. Binet, L£on, et GEORGES WELLER. Le dosage du glutathion réduit dans les tissues. 
Bull. Soe. Chim. Biol. 16: 1284-1296. 1934. 

2. Fuyrra, Akij1, und Danzo Iwatake, Uber die Bestimmung von Vitamin C mittels 25 
6-Dichlorphenol-indophenol. Biochem. Zeitschr. 277: 293-295. 1935. 

3. GUTHRIE, JOHN D., and FRANK WILcoxon. Estimation of sulphydry] in tissues. Contrib. 
Boyce Thompson Inst. 4: 99-106. 1932. 

4. HUNTER, GEORGE, and BLYTHE ALFRED EaAGLeEs. Non-protein sulfur compounds of 
blood. I. Sympectothion. Jour. Biol. Chem, 72: 123-132. 1927. 

5. Mason, Harovp L. A study of glutathione. VI. The preparation of oxidized glutathione. 
Jour. Biol. Chem. go: 409-416. 1931. 

6. Topa, SHiGeRu. Uber die Wirkung von Blausdureithylester (Athylcarbylamin) auf 
Schwermetallkatalysen. Biochem. Zeitschr. 172: 17-30. 1926. 


THESULILIZATION OF SULPHATE -IN-THE SYNTHESIS 
OF GLUTATHIONE BY POTATO TUBERS FOLLOWING 
TREATMENT WITH ETHYLENE CHLOROHYDRIN! 


Joun D. GUTHRIE 


A large increase in the glutathione content of potato tubers takes place 
following treatment with ethylene chlorohydrin (4) and a decrease in the 
sulphate content of the juice of the tubers also occurs (5). A connection 
between these two changes has been pointed out before (5,6), but detailed 
publication of the experiments bearing on this has awaited the develop- 
ment of a method for glutathione (7) that would give values close to the 
true ones and not merely relative values, since it seemed important to 
establish definitely the quantitative relation between the decrease in 
sulphate and the increase in glutathione. 


EXPERIMENTS 


Some of the results of earlier experiments dealing with the quantitative 
relation between the increase in glutathione and the decrease in sulphate 
in potato tissue (Solanum tuberosum L.) are shown in Table I. These data 
were obtained by the sulphur method for glutathione applied to hot water- 


TABLE 1 


RELATION BETWEEN INCREASE IN GLUTATHIONE AND DECREASE IN SULPHATE IN POTATO 
TuBERS FOLLOWING TREATMENT WITH ETHYLENE CHLOROHYDRIN 


Glutathione by 
sulphur method, Sulphate, Increase | Decrease 
Cem Toomper 100°C. ||| j 
Source of tubers | cc. M/r1o00 per 100 g. in glu- in 
tathione | sulphate 
Treated Check Treated Check 
S. Carolina 16.4 Etoile 14.3 biae TGS DS) 
S. Carolina 16.2 3.8 18.2 38.9 12.4 20.7 
Maine 12.7 2.1 44.2 63.0 10.6 18.8 


alcohol extracts of the tissue and are corrected for recovery. With the pro- 
cedure then in use the recovery from known amounts of glutathione added 
to the same extracts was determined and the glutathione values corrected 
with this value. Since the hydrogen sulphide obtained was about 50 per 
cent of the theoretical expectations, the correction was quite large and 
consequently the absolute value for the glutathione increase was open to 
question. Sulphate was determined on the boiled, filtered juice by pre- 
cipitation as barium sulphate in the presence of hydrochloric acid. Follow- 
ing the ignition of the precipitate it was washed with hydrochloric acid 


1 Herman Frasch Foundation for Research in Agricultural Chemistry, Paper No. 153. 
Copyright, 1938, by Boyce Thompson Institute for Plant Research, Inc. 
(233) 
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and weighed again. The details of this procedure will be found elsewhere 
(5). Since a mole of sulphate is equivalent in sulphur content to a mole of 
glutathione, all values are reported in terms of cc. M/roo per too g. tissue 
or too cc. of juice. For soluble constituents of tissues with high water 
content like potato tubers, roo cc. of juice may be considered equivalent 
to too g. of fresh tissue for all practical purposes [see Sayre and Morris 
(10)]. The tubers used for the experiments reported in Table I were Irish 
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FiGuRE 1. The sulphate and glutathione content of tubers treated with ethylene 
chlorohydrin and of untreated tubers at different times after treatment. 


Cobbler variety from South Carolina and from Maine. Cut pieces were 
treated with ethylene chlorohydrin, 40 cc. of 40 per cent per liter, for 24 
hours by the dip method of Denny (3). The check samples were similarly 
treated with water. They were planted for 5 days prior to analysis. It will 
be seen that in every case a large increase in glutathione took place and 
also a decrease in sulphate. The decrease in sulphate was more than 
equivalent to the increase in glutathione. The ratio of the glutathione 
increase to the sulphate decrease averaged 0.6 in these experiments, but 
as pointed out above, the actual magnitude of the glutathione increase 
was somewhat uncertain. 


ae a 
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In order to test further the connection between the increase in glutathi- 
one and the decrease in sulphate, it was desirable to see if they occurred at 
the same time following treatment with ethylene chlorohydrin. Cut pieces 
were treated by the dip method and analyzed for glutathione and sulphate 
at 1, 2, 3, 5, and 7 days after the start of the treatment. The results are 
shown in Figure 1. It will be seen that the decrease in sulphate took place 
at about the same time as the increase in glutathione. In an experiment 
with whole tubers treated by the vapor method, glutathione and sulphate 
had not changed significantly 17 hours after the start of the treatment, 
but at 40 hours an increase in glutathione and a decrease in sulphate was 
found. In another experiment neither change had occurred at 13 hours, 
but both changes were found at 60 hours. 

In an experiment made for another purpose, some Bliss Triumph tubers 
from Cuba were treated with ethylene chlorohydrin by the vapor method, 
4 cc. of 40 per cent per kg. for 24 hours, and then stored in oxygen. For 
some reason this particular lot of tubers was very slow in giving an increase 
in glutathione when stored whole. The glutathione increase had not taken 
place when they were analyzed four days after treatment, although pH 
of the juice had changed from pH 5.83 to pH 6.90 and the treated sample 
was very active in reducing methylene blue. Thus, some of the changes 
that usually take place in potato tubers treated with ethylene chloro- 
hydrin had occurred, but for some reason the glutathione increase had 
not. The juice was analyzed for sulphate. The results are given in the first 
experiment of Table II. No significant change had taken place in the 
sulphate content. This shows that the sulphate decrease is not closely 
connected with the change in pH or the reducing power of the juice, but 
is dependent on the glutathione increase. All the glutathione data in Table 
II were obtained by the improved sulphur method (7) which has been 
shown to give correct values for glutathione. Values obtained by titrating 
metaphosphoric acid extracts of the tissue iodometrically and also with 
2,6-dichlorophenolindophenol so that correction could be made for ascorbic 
acid are reported. This quantity is called non-ascorbic acid reducing sub- 
stances and includes glutathione as well as other substances that react 
with iodine in acid solution. These values are much higher than the values 
found by the more specific sulphur method. They are given because they 
unquestionably represent maximal values and since they show much the 
same thing as the glutathione values by the sulphur method, should 
satisfy those who prefer the old iodometric procedures for glutathione. 

In certain experiments it was found that the glutathione increase was 
hastened by cutting the tubers into pieces following treatment with 
ethylene chlorohydrin by the vapor method. It was evident that a crucial 
test of the idea that sulphate was used in the synthesis of glutathione 
could be made in this way, since if this concept were true, the sulphate 
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decrease should likewise be hastened by cutting the tubers. As shown in 
the second and third experiments of Table II, this proved to be the case. 
In both experiments the tubers were treated with ethylene chlorohydrin 
by the vapor method using 4 cc. of 40 per cent per kg. for 24 hours. The 


TABLE II 


INCREASE IN GLUTATHIONE AND DECREASE IN SULPHATE IN POTATO TUBERS 
UNDER VARIOUS CONDITIONS 


Non-ascorbic | Glutathione 
acid reducing | by sulphur Sulphate, 
substances, method, cc. M/100 


Tubers used ie of tubers cc. M/100 cc. M/100 per I00 cc, 
alter treatment 
per 100 g. per 100 g. 
Treated| Check) Treated) Check} Treated} Check 

Bliss Triumph 

from Cuba Whole, kept in O2 7.6 8.5 3.2 hails: 46.4 | 47.5 
Bliss Triumph from} Whole 12.0 5.6 Oy | Bas 29.4 | 42.2 

Institute garden | Cut and planted 36.6 5.0 20.6 3.2 1.1 | 44.5 
Irish Cobbler Whole ni eal 9.9 5.8 5.0 3651.48 e5 

from S. Car. Cut, in moist chamber} 16.7 9-5 9.6 Ce 20.4 | 48.1 


controls were kept in a closed container for 24 hours. In one experiment 
part of the tubers were cut up, planted, and analyzed four days after the 
start of treatment. It will be seen that at this time a much larger decrease 
in sulphate was found in the cut pieces than in the whole tubers. In fact 
in the cut pieces the sulphate had almost disappeared from the treated 
pieces. In the other experiment, the cut pieces were placed in moist cham- 


TABLE III 


QUANTITATIVE RELATION BETWEEN INCREASE IN GLUTATHIONE AND DECREASE IN SUL- 
PHATE IN Potato TuBERS FOLLOWING TREATMENT WITH ETHYLENE CHLOROHYDRIN 


NisAcnamarbar "Glutathione, CC. M/z 100 Sulphate, 
et acid reducing » ATT cc. M/too 
Treatment substances, _®. & W. method _ Sulphur | per too ce. 

cc. M/100 Juice Teane method Juice 
Ethylene chlorohydrin 30.5 20.8 19.2 19.8 16.5 
Control, closed container 39 2.0 2.8 8 ye 62.0 
Change 26.6 18.8 16.4 16.6 45.5 


bers instead of being planted. The analysis was made 5 days after the 
start of treatment. It will be seen that a larger increase in glutathione and 
a larger decrease in sulphate took place in the cut pieces than in the whole 
tubers. 

As additional evidence to evaluate the quantitative relation between 
glutathione and sulphate, an experiment was made in which glutathione 
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was also determined by the method of Binet and Weller (1), in which 
specificity is obtained by a cadmium lactate precipitation prior to iodo- 
metric titration. A determination was also made on the boiled, filtered 
juice by this method modified to include oxidized glutathione (2). Non- 
ascorbic iodine reducing substances were also determined. The results 
given in Table III show that essentially the same results are obtained 
with the Binet and Weller method as with the sulphur method. The ratio 
of the glutathione increase to the sulphate decrease averages 0.38 in this 
experiment. The ratio of the increase in non-ascorbic acid reducing sub- 
stances, which includes glutathione, to the sulphate decrease is 0.58. 


DISCUSSION 


Some of the steps leading to the formation of glutathione following 
treatment with ethylene chlorohydrin are now known. The first observed 
action is a large increase in respiration (9). Citric acid acts as a substrate 
for this increased respiration (5) and is converted to carbon dioxide. As a 
result of this loss of citric acid the tissue becomes less acid and the increase 
in glutathione is correlated with this decreased acidity. Sulphate is utilized 
in the synthesis of the newly formed glutathione and consequently the 
sulphate content of the tissue decreases. Hammett and Reynolds (8) have 
recently reported the formation of disulphide from sulphate by an enzyme 
present in bean root tips. However, much more than a simple enzymatic 
reaction must be involved in the building up of glutathione from sulphate, 
although such an enzyme as described by Hammett and Reynolds may 
be active at some step in the process. 

The fact that the decrease in sulphate sulphur is considerably larger 
than the increase in glutathione sulphur shows clearly that the sulphate 
is also used in the formation of some sulphur compound besides glutathi- 
one. It is hoped that further work will lead to the identification of this 
compound. 

SUMMARY 

Sulphate sulphur is utilized by potato tissue in the synthesis of glu- 
tathione that follows treatment of the tubers with ethylene chlorohydrin. 
A quantitative investigation of this process shows that part of the sulphate 
sulphur enters a compound other than glutathione. 
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ORIENTATION IN YOUNG COTTON FIBERS AS INDI- 
CATED BY X-RAY DIFFRACTION STUDIES 


WAYNE A. Sisson! 


The mature cotton fiber possesses a variable orientation with reference 
to the fiber axis which can be estimated from either microscopic (4) or 
X-ray diffraction studies (12, 18). The relationship of crystallite orienta- 
tion to the arrangement of certain microscopically visible configurations 
in the cell wall (4), and the correlation between orientation and certain 
physical properties (15), make it of both theoretical and practical interest 
to know at what period the X-ray orientation develops during the approxi- 
mately 50-day duration of cotton fiber growth. 

The usual methods of determining orientation consist of either a micro- 
scopic study of the visible fibrils, striations and cracks in ordinary light; 
the study of extinction angles, of dichroism and other phenomena in 
polarized light; or the study of X-ray diagrams. From the X-ray diagrams, 
the degree of preferred orientation is indicated by the extent to which the 
diffraction rings are concentrated into arcs. If the orientation is random, 
the diffraction rings exist as continuous circles; if it is parallel, the rings 
are concentrated into arcs. In Figure 1 A, the width of the X-ray arc is 
a measure of the orientation with reference to the cotton fiber axis. A com- 
parison of Figures 1 A and 1 B shows that the submicroscopic crystalline 
structure revealed by X-rays usually runs parallel to visible configurations 
such as fibrils. The usual X-ray diagram, however, represents the average 
orientation throughout a millimeter section of several thousand fibers, 
while microscopic results are specific for localized sections of single fibers. 
Large numbers of microscopic observations are needed to show the struc- 
tural variations which occur from fiber to fiber and from base to tip of the 
same fiber. Furthermore, the X-ray pattern registers not only the visible, 
but also the submicroscopic orientation. The principal value of the X-ray 
data, therefore, lies in the fact that it gives a general or average value, 
which can be estimated quantitatively (18). In addition, since each con- 
stituent gives its own characteristic diffraction pattern, X-rays may be 
used in some cases to study the relative orientation of two or more con- 
stituents, such as wax and cellulose, as they occur together in the cell wall. 

The first X-ray examination of young cotton fibers was made by Clark, 
Pickett, and Farr (1) on four samples, 18, 21, 35, and 50 days old. The 
earliest evidence of orientation was found in the 35-day sample. Hess, 
Trogus, and Wergin (8), in their examination of young cotton fibers, made 
no special attempt to determine the age at which orientation developed, 


1 Cellulose Department, Chemical Foundation, Boyce Thompson Institute for Plant 
Research, Inc., Yonkers, New York. 


(239) 
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but their published diagrams show the first appearance at 40 days. Wergin 
(19) reported two crystalline constituents to be present during the growth 
of the cotton hair; the first [later identified as wax (6)] is not oriented, 
while the second (cellulose) appears as an oriented diagram on the thirty- 
fifth day. 

The present study includes not only the orientation of cellulose at 
various stages of cell wall development, but also the production of arti- 
ficial orientation by stretching, the orientation of noncellulosic constitu- 


57° 


FiGuRE I. Comparison of X-ray and microscopic orientation: (A) X-ray diffraction 


pattern of mature cotton, (B) Photomicrograph of cotton fiber slightly swollen in phos- 
phoric acid to bring out fibril structure. 


ents present, and the relative orientation of cellulose in mature fibers of 
different varieties. This investigation was carried out in connection with 
previously reported work (16) on the X-ray identification of cellulose in 
young cotton fibers. 

MATERIALS AND METHODS 


Many of the samples were prepared from the same material examined 
in the earlier work (16) which contained the varieties Super Seven and 
Acala (Gossypium hirsutum L.). The material for the present investigation 
also included the additional variety Pima (Gossypium barbadense L.), 
which was grown under greenhouse conditions (3) during the summer of 
1937. The flowers were tagged, the samples collected, and all chemical 
treatments and X-ray diagrams made as previously described (16), with 
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the exception that the fibers for X-ray examination were arranged in 
parallel bundles instead of in random arrangement. 

The parallel bundles were prepared by carefully dissecting from the seed 
a few fibers which were first arranged parallel, and then transferred to a 
glass plate. Parallel alignment of the fibers was confirmed by microscopic 
examination. A number of small bundles of parallel fibers were thus built 
up and allowed to dry. The final, larger bundle consisted of several smaller 
bundles wrapped together in a special wrapping device? with a 2-3 mm. 
unwrapped section at the center. In making the diffraction patterns, the 
X-ray beam passed through the unwrapped section of the bundle. Each 
bundle was examined as originally prepared, and again after subsequent 
extractions with chloroform and one per cent sodium hydroxide. 

The fragility and short length of the younger fibers made it impossible 
to prepare bundles of parallel fibers younger than 15 days by the above 
method. Earlier than 15 days, parallel bundles smaller than those described 
above were built up by placing fibers over the open end of a glass tube. 
Upon drying, the fiber ends adhered to the glass, producing in the bundle 
a tension which helped to parallel the fibers. A similar technique was em- 
ployed in preparing some of the samples later discussed under the heading 
of induced orientation. A few samples, including fibers both older and 
younger than 15 days, were prepared in the form of thin films, which were 
examined with the X-ray beam both perpendicular and parallel to the 
surface. 

The degree of orientation was estimated quantitatively by measuring 
with a densitometer the density distribution around the oo2 diffraction 
ring, as described in detail elsewhere (15, 18). Owing to the difficulties 
encountered in arranging fibers of different ages in comparable parallel 
bundles, the comparison of orientation at different ages is not as accurate 
as in different samples of mature cotton (15). This is especially true for 
the younger extracted fibers where the original orientation may be dis- 
turbed by the extraction process. 


RESULTS 


The data obtained on a total of approximately 150 samples for the 
three varieties may be summarized as follows: 

Cellulose orcentation. The X-ray patterns of cotton fibers younger than 
about 25 days show a random orientation. Between 25 and 30 days there 
develops a definite preferred orientation, the degree of which increases 
until approximately the thirty-fifth day, after which there is little or no 
change in orientation. X-ray diagrams illustrating the various stages in 


2 The wrapping device is similar to that described by Richardson, Bailey, and Conrad 
(10), with the exception that it is smaller; the fibers are held under less tension, and are 
wrapped with a single silk fiber instead of cotton thread. 
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Ficurr 2. Representative X-ray diffraction patterns showing: First, natural orienta- 
tion at different ages; (A) 15-day, (B) 25-day, (C) 30-day, and (D) mature bundles of paral- 
lel fibers extracted in chloroform and sodium hydroxide. Second, induced orientation; (E) 
stretched film of 20-day fibers after treatment with two per cent sodium hypochlorite, 
showing orientation of both wax and cellulose lines, and (F) same sample as (E) after 
further extraction in chloroform. 


1938] SISSON—X-RAY DIFFRACTION STUDIES OF COTTON 243 


the development of orientation are shown in Figure 2 A, B, C, and D. 

In order to determine definitely the degree of cellulose orientation in 
the samples between 25 and 35 days, it was necessary, in most cases, to 
remove the superimposed wax pattern by extracting the fibers with chloro- 
form. The superimposed amorphous diagram in many of the younger 
fibers (15 to 25 days) made it necessary to extract further with sodium 
hydroxide to obtain a definite cellulose pattern. The failure to remove 
these interfering noncellulosic constituents may account in part for the 
later date at which other investigators (8, 19) find the first appearance 
of oriented cellulose. 

Since the samples were grown in a greenhouse at Yonkers, New York 
(latitude 41°), it is possible that the present fibers may differ from those 
grown under field conditions or in warmer climates. Furthermore, owing 
to the irregularities of growth previously noted (16), it is impossible to 
state the exact age at which a particular stage of development is reached. 
All the changes in X-ray orientation are gradual and the results on differ- 
ent bolls do not on the average check closer than three to ten days. For 
example, in one boll, the orientation at 25 days appeared to be as fully 
developed as in another at 40 days; in some bolls the orientation was 
present at 20 days, in others not until after 35 days. This general variation 
of the X-ray pattern from boll to boll is in agreement with specific micro- 
scopic variations of both young (2) and mature fibers (4). The age reported 
for each stage of development represents that which occurred most fre- 
quently. 

The X-ray orientation apparently arises from the spiral fibril structure 
of the secondary wall. The fact that orientation is not present in the X-ray 
diagram of cotton younger than approximately 25 days, however, does 
not mean that a spiral fibril structure is not present earlier in localized 
sections of some fibers. It means that the major part of the cellulose at the 
middle of the fiber bundle does not have a preferred orientation with 
reference to the fiber axis. Furthermore, owing to the difficulty of obtaining 
a bundle of strictly parallel fibers, the natural orientation of which may 
be disrupted while preparing the sample, it is to be expected that X-ray 
orientation would not appear until a pronounced coherent spiral structure 
had begun to form. In general, the first appearance of orientation in the 
X-ray diagram coincides with that period of fiber development in which 
there is a decrease in the rate of fiber elongation and an increase in the 
rate of cell wall thickening. 

The increase in orientation with age may be due either to an increase in 
the ratio of oriented to nonoriented cellulose, or to the cellulose being de- 
posited with a steeper spiral angle as the cell wall thickens. The first possi- 
bility appears to be the major factor as indicated by the fact that the 
orientation approaches a more or less constant value as the cell wall 
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reaches maturity. Furthermore, it is in agreement with the microscopic 
observation that in the younger stages of development there are in the 
lumen large numbers of cellulose particles (5) with random orientation; 
as the wall thickens, successive oriented lamellae are formed, the lumen 
narrows and the proportion of random particles decreases. 

The absence of any appreciable change in orientation after approxi- 
mately the thirty-fifth day is in agreement with the findings of Preston 
(9) that new cellulose deposited in the wall of wood cells assumes an 
orientation similar to that already present. In wood, however, the cellulose 
X-ray pattern becomes oriented at an earlier period (10 days) than in 
cotton (11). 

The orientation previously discussed refers to the alignment of the } 
axes of the crystallites (i.e., the direction of cellulose chains which are 
parallel to the fibrils) with reference to the fiber axis. As discussed in more 
detail elsewhere (12), there is also the possibility of a preferred orientation 
of a further crystallographic axis perpendicular to the surface of the cell 
wall (selective orientation). No definite evidence of a selective orientation, 
however, was found in the young cotton fibers, which is in agreement with 
earlier work on mature cotton (12). Since selective orientation usually 
results from dehydration under special conditions (13, 14), it is possible 
that cotton fibers are not formed under conditions favorable for the pro- 
duction of selective orientation—a possibility which is being investigated 
further. 

Orientation of noncellulosic constituents. Since noncellulosic materials 
are closely associated with and greatly affect the behavior of cellulose, 
it is of special interest to know if they, like cellulose, are oriented in the 
cotton fiber. Some of these noncellulosic constituents give an amorphous, 
others a crystalline pattern. The amorphous pattern present in the X-ray 
diagram of young cotton fibers shows a random orientation at all times. 
The crystalline materials, with the exception of waxes, are not present in 
sufficient quantities to be studied as they exist in the fiber. 

The wax pattern, reported by Wergin (19) to possess a random orien- 
tation, was found in the present work to show a preferred orientation 
under certain conditions. It is almost always oriented when the sample is 
prepared in the form of a thin film, and occasionally in a bundle; especially 
in fibers between 20 and 35 days, or when the bundle is dried under ten- 
sion. The orientation of both wax and cellulose in the same sample is 
illustrated in Figure 2 E, where the wax lines are present as arcs at the 
poles and the cellulose lines at the equator. The oriented wax diffraction 
lines which arise from side spacings of the wax molecules show intensity 
maxima at right angles to the corresponding side spacings of cellulose. 
This indicates that the wax molecules are oriented perpendicular to the 
cellulose molecules. Waxes are thought to be concentrated in the cuticle, 
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but it is not possible to determine from the present X-ray data whether 
the wax is oriented perpendicular to the surface of the fiber (cuticle) or 
the surface of the fibrils. If the waxes are extracted from cotton and care- 
fully prepared as a thin film on a glass or chromium surface, they may 
show an oriented X-ray diagram. A detailed X-ray study of the extracted 
waxes has been made by Gundermann, Wergin, and Hess (6). 

Pectic acid can be isolated from young cotton fibers (7) and prepared 
in the form of films which show orientation (17). Whether or not it is 
oriented in the fiber, however, is difficult to determine, since pectin gives 
diffraction lines upon which are superimposed those of the cellulose, waxes, 
and other constituents of the fiber. 

In a few of the younger (10-20 day) samples examined, there is present, 
as two sharp arcs on the equator of the X-ray diagram, a diffraction line 
which corresponds to the approximate spacing of 14.5A. The material 
which gives this oriented pattern has not been identified. ; 

Experimentally induced orientation. It is well known that orientation 
can be induced in swollen cellulosic materials by stretching or permitting 
them to dry under special restrictions. By employing methods successfully 
applied to other materials (13, 14), attempts were made to induce orienta- 
tion in young cotton fibers. There was no appreciable change in orientation 
when unextracted and chloroform extracted fibers, originally showing a 
random orientation, were stretched and allowed to dry under tension. If 
they were further extracted in a one per cent sodium hydroxide solution, 
they showed, in some cases, a slight preferred orientation. When, however, 
the above treatments were applied to more mature fibers which already 
showed orientation, then the existing orientation was greatly improved, 
especially after extraction with sodium hydroxide. 

Oriented samples can be produced from very young fibers if, in addi- 
tion to extraction, they are treated with two per cent sodium hypochlorite 
to the extent that the original fiber membrane is partially broken down 
and the resulting cellulose product bleached white. By stretching this 
purified material or allowing it to dry as a film, it was possible to produce 
orientation in samples obtained from fibers ranging in age from 6 days 
to maturity, as illustrated in Figure 2 F. In preparing the sample, it is 
important that the purification process does not destroy the gelatinous 
nature of the cellulose residue. To produce orientation, the residue must 
dry to form a coherent membrane, rather than a granular mass which is 
easily reduced to a powder. 

The failure to produce orientation by stretching very young Potton 
fibers is probably due to the fact that the small amount of cellulose present 
exists as separate particles or short fibrils, the orientation of which is not 
appreciably affected by the stretching process. The stretching, however, 
does straighten out the cuticle which apparently improves the orientation 
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of the waxes. In the older fibers the longer, more firmly attached fibrils 
are pulled into better alignment by stretching. In the purified cellulose, 
the production of orientation by stretching is similar to that produced in 
rayons or other swollen cellulosic materials (13, 14). 

Orientation in different varieties. Since the cotton samples were collected 
at various times during two seasons (1936 and 1937), a strict comparison 
regarding the age at which orientation developed in the three species is 
not possible, but the present data indicate no pronounced difference, with 
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FIGURE 3. Comparative distribution curves showing the difference in preferred orienta- 
tion of the three varieties of mature cotton, Pima, Super Seven, and Acala. [These curves 
were constructed as described in detail elsewhere (18).] 


the exception that orientation may have developed slightly later in Pima. 
A quantitative comparison of the X-ray diagrams of the mature fibers, 
however, showed a detectable difference in the degree of preferred orienta- 
tion, which is a maximum in Pima and minimum in Acala. Density dis- 
tribution curves constructed (18) from the X-ray diagrams of the three 
varieties are shown in Figure 3. As explained in detail elsewhere (12), the 
shape of these distribution curves is due to the spiral orientation of the 
cotton fiber. These curves confirm the earlier qualitative observations of 
Clark, Pickett, and Farr (1) on the same varieties. 

It is well known that the percentage of undeveloped or thin-walled 
fibers (“immaturity’’) has considerable influence upon the physical proper- 
ties of raw cotton (10). For this reason it is of special interest to see if the 
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present data indicate a definite change in orientation with growth which 
might serve as a basis for estimating immaturity. Although no comparison 
was made with microscopic methods (10), the gradual change in orienta- 
tion with age and the variation of orientation in different varieties appear 
to eliminate the possibility of a relationship which might serve as a basis 
for estimating immaturity. It is interesting, however, to note the possi- 
bility of a relationship between the variation of orientation in different 
varieties of mature cotton and the variation of orientation with tensile 
strength discussed elsewhere (15). Furthermore, since the decrease in pre- 
ferred orientation (Pima >Super Seven>Acala) of mature fibers extends 
in the opposite direction from the decrease in number of fiber abnormalities 
(Pima <Super Seven <Acala) reported by Farr (3), a probable relation- 
ship is also suggested between these two factors. 


SUMMARY 


1. Cotton fibers of three varieties at various stages of growth were 
examined by X-ray diffraction methods to determine (a) the degree and 
type of orientation at various periods of cell wall development; (b) the 
orientation of noncellulosic constituents present; (c) the production of 
artificial orientation by stretching; and (d) the relative orientation of 
different varieties. 

2. At each age the X-ray diagrams show a considerable degree of varia- 
tion in orientation. In general, however, fibers younger than about 25 
days give the X-ray pattern of randomly oriented cellulose; between 
approximately 25 and 35 days there develops a preferred orientation which 
does not change appreciably with further wall thickening. The type of 
orientation in all cases consists of a preferred orientation with reference 
to the fiber axis. There is no evidence of a selective orientation with refer- 
ence to the surface of the cell wall. 

3. The pattern of waxy materials, which is superimposed on that of 
cellulose in fibers younger than about 35 days, shows a preferred orienta- 
tion in some of the samples. 

4. Drying under tension improves the orientation of fibers showing a 
preferred orientation, while those showing a random orientation are not 
appreciably affected. Films and fibers prepared under tension from puri- 
fied cellulose show a preferred orientation in all samples, regardless of the 
age of the fibers from which the cellulose was obtained. 

5. In the mature fibers, the degree of orientation varies in the order 
Pima > Super Seven > Acala. The possible relationship of this to physical 
properties and fiber abnormalities is pointed out. 
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LABORATORY COMPARISONS OF 
COPPER FUNGICIDES! 


S. E. A. MCCALLAN AND FRANK WILCOXON 


Some thirty years ago Hedrick stated, ‘‘Twenty years of experimenta- 
tion with copper compounds have given us none equal to Bordeaux mix- 
ture’’ (10, p. 146). After fifty years the interest and activity in this field 
is greater than ever and a number of new copper compounds have been 
developed (1, 12, 13, 23, 26, 27). In general the object has been to produce 
a copper compound possessing the desirable fungicidal and adhesive 
qualities of Bordeaux mixture but lacking its undesirable phytocidal 
properties, inconvenience of preparation, and conspicuous residue. 

It is the purpose of this paper to present a laboratory evaluation of 
representative new copper preparations. The studies include detailed 
laboratory comparisons of toxic properties before and after exposure to a 
laboratory “‘rain”’ as well as limited phytocidal tests in the greenhouse and 
out-of-doors. 

TOXICITY EXPERIMENTS 


METHOD OF TESTING 


The laboratory method of testing protective fungicides as developed 
and used in previous studies was employed (19, 20, 21). The copper com- 
pounds were placed in aqueous suspension and diluted to various appropri- 
ate concentrations. In general the dilutions varied by steps of one-half and 
one-fifth and the range from the greatest to least was 200-fold. The sprays 
were applied to clean glass slides by means of a No. 15 De Vilbiss atomizer. 
The atomizer was attached to the laboratory air pressure line and the 
pressure regulated to 40 mm. of mercury by means of a manometer. The 
duration of spraying was twelve seconds. At such a pressure and duration 
the spraying is completed just before the droplets start to coalesce on the 
slides. 

After drying in the sun for three hours, or overnight, one series of the 
sprayed slides was subjected to the laboratory “‘rain.”’ The “rain” con- 
sisted of distilled water delivered through a small rose-type nozzle. The 
perforations in the rose were 0.7 mm. in diameter. The slides were inclined 
on a rack and the rack oscillated beneath the falling “‘rain.’’ The time of 
exposure was one minute and the pressure regulated to give from 0.5 to 
0.6 inches of rainfall in this period (32). After this exposure the slides were 
allowed to dry for three hours and then placed in moist chambers to be 
compared with the slides which had not been subjected to rain. 


1 Herman Frasch Foundation for Research in Agricultural Chemistry, Paper No. 156. 


Copyright, 1938, by Boyce Thompson Institute for Plant Research, Inc. 
(249) 
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The fungi selected for test organisms were: Sclerotinia fructicola (Wint.) 
Rhem., Botrytis paeoniae Oud., Alternaria solani (Ell. & Mart.) Jones & 
Grout, Glomerella cingulata (St.) Sp. & von. S., Uromyces caryophyllinus 
(Schr.) Wint., and Gymnoconia peckiana (Howe) Trotter. The first four 
fungi were grown on potato dextrose agar at room temperatures and the 
spores obtained by the vacuum technique (21). The spores of S. fructicola 
were from 5 to 7-day-old cultures, while the other three species were from 
ro to 15-day-old cultures. The uredospores of Uromyces caryophyllinus 
were obtained from naturally infected greenhouse carnations (Dianthus 
caryophyllus L.) and the aeciospores of Gymnoconia peckiana from wild 
dewberries (Rubus procumbens Muhl.). All spores were suspended in dis- 
tilled water at a concentration of approximately 45,000 to 65,000 spores 


TABLE I 

CoppeR FUNGICIDES STUDIED IN COMPARISON WITH BORDEAUX MIXTURE 

Fungicide % Cu Source 
Oxo Bordeaux 13.0 | Ansbacher-Siegle Corp., New York, N. Y. 
Coposil 17.2 | California Spray-Chemical Corp., Berkeley, Calif. 
Copper compound KK 22.9 | Réhm & Haas Co., Inc., Philadelphia, Pa. 

(Copper oxychloride) 

Copper-Hydro ‘‘40” 26.8 | Chipman Chemical Co., Inc., Bound Brook, N. J. 
Z-O (Copper zeolite) 28.9 | Nichols Copper Co., New Y ork, N.Y: 
Copper oxalate 20.5) | RO. Mage Nay. "Agric. Exp. Sta., Geneva, N. Y. 
Copper phosphate 45-4 .| M. C. Goldsworthy, U.S. Dept. Agric., Beltsville, Md. 
Basic copper sulphate _ 52.0 | The Mountain Copper Co., Ltd., San Francisco, Calif. 
Cuprocide (Cuprous oxide) | 88.2 | Réhm & Haas Co., Inc., Philadelphia, Pa. 


per cc. A duplicate series, exclusive of the rust spores, was run in a con- 
centration of 0.02 per cent filtered orange juice (31). The spore suspen- 
sions were pipetted on to the sprayed slides, the slides placed in the cus- 
tomary moist chambers, and the percentage germination recorded after 
24 hours. The tests were made at room temperature, 21° to 25° C. 

Nine copper fungicides were tested and compared with Bordeaux mix- 
ture. The compounds are listed in Table I together with their copper 
content as determined by our analyses. The materials were obtained dur- 
ing the winter of 1936-1937. All comparisons were made on a basis of 
equal copper concentration. The Bordeaux mixture was prepared by add- 
ing a 2 per cent suspension of slaked calcium oxide to a 2 per cent solution 
of CuSO,: 5H.O. The resulting 4-4-50 mixture was diluted for the neces- 
sary comparisons, 

METHOD OF EVALUATING RESULTS 


The results of spore germination experiments are usually exhibited in 
the form of a toxicity curve, showing the percentage germination obtained 
at various concentrations of fungicide. In order to express the perform- 
ance of a given fungicide by a single figure we may estimate the LD 50, 
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which is the concentration permitting 50 per cent of the spores to germi- 
nate. 

In order to compare the LD 50 obtained from one fungicide with that 
obtained from another, it is necessary to attach to it a standard deviation, 
indicating the precision with which the LD 50 has been determined for 
a given lot of spores. 

The exact treatment of such a problem has been developed by Bliss 
(3, 4, 5) in several recent papers. For the preliminary comparison of a 
number of fungicides, however, a somewhat simplified procedure may be 
used. It is necessary first to change the percentage germination values to 
other units tending to give a straight line toxicity graph instead of the 
usual S-shaped curve which is obtained when percentages are used. For 
this purpose Bliss has devised units called probits (3, 4) and has published 
tables for converting percentages to probits. Both percentages and pro- 
bits, however, have the disadvantage that the observations plotted in these 
units do not all have equal weight, even when the same number of indi- 
viduals has been counted in each observation. In a recent publication 
Bliss (5) has described a new unit, called the equivalent angle which is 
specially designed to overcome this difficulty. The relation between per- 
centages and equivalent angles is given by the equation p=sin? 6, where 
p is the percentage and 6 the equivalent angle. It is not necessary how- 
ever to know this relationship since tables are furnished which make it 
a simple matter to change from percentages to equivalent angles. The 
effect of this change is to endow each observation with equal weight, 
assuming of course that the same number of individuals have been counted 
in each observation, and also to straighten partially the usual S-shaped 
toxicity curve. 

The method of dealing with the original toxicity data was then as fol- 
lows: The percentages were changed to equivalent angles and the latter 
plotted against the concentration of toxic agent. The best straight line 
passing through the mean angle and mean concentration was then drawn 
by eye, although this line may be fitted by the method of regression coef- 
ficients (28) if greater accuracy is desired. The LD 50 is estimated from 
the graph as the concentration at which the line crosses the 45° level 
(which corresponds to 50 per cent germination). It remains to estimate the 
standard deviation of the LD so. A line may vary in two ways, in position 
and in slope, and all possible deviations of the LD 50 may be considered 
as being due to shifting of the line parallel to itself, or to a rotation about 
the mean, or to a combination of these. The variance of the LD 50 will 
then be the sum of two terms, one representing a parallel shift and the 
other a change in slope. The formula for the standard deviation (¢) is: 


—e- 4/ Siy-Y)?  S(y—Y)? (LD 50—%)? 
TLD50 pas CET 


252 CONTRIBUTIONS FROM BoyCcE THOMPSON INSTITUTE [Vor. 9 


The symbols have following significance: 

b is the slope of the line. 

(vy — Y) is the vertical distance of a point from the regression line. 

(x—%) is horizontal deviation of point from the mean of all the con- 
centrations. 

n is the number of points considered in drawing the regression line. 

LDso—* is the difference between the LD 50 and the mean of the 
concentrations. 

S signifies ‘‘sum of.”’ 
A typical example of this method of treatment is given in Table II. The 
original toxicity curve is plotted in Figure 1 A, and equivalent angles are 
plotted against concentration in Figure 1 B. A straight line passing 
through the mean equivalent angle and mean concentration has been 
fitted by eye to the central points, those at the extreme ends being ex- 
cluded. The deviations from this line, read from the graph, to the nearest 
unit are shown in the last column of the table below. The deviations in con- 
centration from the mean of concentrations are shown in the next to the 
last column. The LD 50, 0.0467 is read from the graph, and the standard 
deviation, 0.00346 is calculated as shown at the bottom of the table. 


TABLE Al 
EXAMPLE OF PROCEDURE FOR CALCULATING THE LD 50 AND ITs STANDARD DEVIATION 
% germination |Equivalent angle (y)} Concentration (x) (x—#)? (y—Y)? 
78.6, 62.4 0.0086 0.000817 te) 
84.3 66.7 0.0086 0.000817 Q 
84.5 66.8 0.0086 0.000817 I 
Vpobot! 59.0 0.017 0.000408 ° 
58.8 Isfeya th 0.017 0.000408 I 
Wes? 58.8 0.017 0.000408 81 
28.2 e2i, 0 0.086 0.002382 40 
15.9 23.5 0.086 0.002382 I 
EAL 24.7 0.086 0.002382 4 
Totals 444.1 0.3348 0.010821 ae 
Means 49.34 0.0372 


b=—470, LD 50=0.0467, (LD 50—X)*=0.00009025 
I55 , 155 X0.00009025 
oO ae a eMC Sl thnaiiedotirctnad? Dec ack” RO 
LDb0 470 63 o1oBaX7 =0.00346 


RESULTS 


The results of the tests on the copper fungicides with the six fungi are 
shown in Figures 2, 3, and 4. In all cases the results for a given fungus were 
obtained from the same lot of spores and performed on the same day. The 
results shown in Figures 2 and 3 were obtained using orange juice, while 


——— 


1938] McCa.ian & WILCOXON—CoppPpER FUNGICIDES a4 


ee 
2 
< 
Z 
= 
leg 
W 
Oo 
= 
Zz 
Wi 
Oo 
ax 
WwW 
a 
° 0.04 0.08 0.12 0.16 
CONCENTRATION —— PER CENT COPPER 
y 
WwW 
= 
.o) 
Z 
=e 
= 
2a 
WwW 
= 
se 
z 
= 
o 
Ww 


fe) 0.02 0.04 0.06 0.08 


CONCENTRATION — PER CENT COPPER 
Ficure 1. A. Toxicity curve with percentage germination plotted against concentra- 
tion. B. Same data exclusive of extreme end points, with equivalent angles plotted against 
concentration 


254 


PHOSPHATE 


ZEOLITE 
[i BASIC SULPHATE 


OXALATE 


PHOSPHATE 


HYDRO 40 


OXO BORDEAUX 
CUPROCIDE 


COPOSIL 


ZEOLITE 


OXALATE OXYCHLORIDE 


OXO BORDEAUX 
HYDRO 40 


OXYCHLORIDE 
COPOSIL 


BORDEAUX 
BORDEAUX 


& 
= 
«= 
. 
. 
=< 


BORDEAUX 


Sclerotinia fructicola 


ZEOLITE 


HYDRO 40 
CUPROCIDE 
BASIC SULPHATE 


COPOSIL 


OXALATE 
OXYCHLORIDE 


OxXO BORDEAUX 


Before Rain 


CONTRIBUTIONS FROM BoyYCE THOMPSON INSTITUTE 


PHOSPHATE 
OXALATE 


OXYCHLORIDE 


BORDEAUX 


After Rain 


Botrytis paeoniae 


10.0 


1,0 


0.01 
CONCENTRATION — PER CENT COPPER 


FIGURE 2. The Sclerotinia fructicola and Botrytis paeoniae LD 50 values for the copper fungicides plotted logarith- 
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FIGURE 3. The Glomerella cingulata and Alternaria solani LD 50 values for the copper fungicides plotted logarithmically. 
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in the case of Figure 4 no orange juice was used. The concentrations have 
been plotted logarithmically in order to show more readily the ratios 
between the LD 50 of the different compounds. Each compound is rep- 
resented by a rectangle, the width of which is the range of + and — the 
standard deviation of the LD 50. 

The difficulty of obtaining high percentages of germination with the 
rust spores necessitated employing respectively the LD 80 (20 per cent 
germination) and LD go (ro per cent germination) for the spores of 
Gymnoconia peckiana and Uromyces caryophyllinus. The variability and dif- 
ficulty of obtaining satisfactory germination with the rust spores has 
been noted before (20). 

The compounds, taking the toxicity results as a whole, may be 
grouped in three classes. Bordeaux mixture alone is in the first class, show- 
ing marked superiority to all other compounds. The third class consists of 
the copper phosphate and basic copper sulphate which are low in toxicity. 
The remaining compounds fall into an intermediate class and of these 
Oxo Bordeaux and Coposil are probably the most toxic and copper zeolite 
the least. It will be noted that in all cases except Gymnoconia peckiana 
Bordeaux mixture is from 4 to 20 times more toxic than the next best 
compound and 180 to 1800 times more toxic than the least effective 
preparation. 

In general the compounds maintain relatively the same order of toxic- 
ity among the different fungi. An exception is copper oxychloride which 
has a high toxicity against Sclerotinia fructicola and Botrytis paeoniae but 
a much lower rating against the other fungi. Bordeaux mixture and to a 
lesser extent Cuprocide and copper oxychloride lose little of their inherent 
toxicity following exposure to rain. On the other hand, basic copper sul- 
phate and copper oxalate decrease markedly in toxicity following rain 
tests. The results with copper phosphate are very erratic, in some cases 
its toxicity is apparently increased after rain. 


TABEE. Wl 


RELATIVE ADHERENCE OF THE COPPER FUNGICIDES. PER CENT COPPER REMAINING 
ON GLASS SLIDES AFTER ONE MINUTE OF LABORATORY RAIN 


Fungicide Mean and standard deviation 
Cuprocide O2 2s Ona 
Bordeaux BO cir aia ls 
Copper oxychloride BonTOs= tess 
Copper phosphate 40.68+ 3.095 
Coposil 27.837 2,85 
Copper-Hydro “40” 26.844 2.00 
Oxo. Bordeaux DOs tor AO 
Copper zeolite To.66+ 1.44 
Copper oxalate POO cera 
Basic copper sulphate BOSE ines 
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ADHERENCE TESTS 


A chemical test of adherence, independent of the ‘‘after rain’’ toxicity 
test was made. Slides were sprayed with the different copper compounds 
at different concentrations, dried, and subjected to a one-minute labora- 
tory rain test in the usual manner. An analysis of copper was then made 
on one set of slides before rain and another set after rain. These results 
are shown in Table III and substantiate the before and after rain toxicity 
tests. A similar order of adherence was obtained by Magie and Horsfall 
(22) on apple and cherry foliage. 


PHYTOCIDAL OBSERVATIONS 


Limited tests were performed in the greenhouse and out-of-doors to 
determine the relative injuriousness of the copper compounds to foliage. 
All comparisons were made on equal copper concentrations. 


GREENHOUSE TESTS 


Preliminary tests with 36 species of cultivated plants demonstrated 
that it is difficult to obtain copper injury under greenhouse conditions. A 
marked resistance was shown even to soluble copper sulphate. Four of the 
more sensitive species were, however, selected for comparative phytoci- 
dal tests. The plants were: lettuce (Lactuca sativa L. var. Big Boston), 
buckwheat (Fagopyrum esculentum Gaertn. var. Japanese), corn (Zea 
mays L. var. Golden Bantam), and bush bean (Phaseolus vulgaris L. var. 
humilis Alif. hort. var. Henderson). The plants were grown in four-inch 
pots until about 20 to 30 days old; they were then sprayed with the 
various copper compounds. Applications were made at concentrations of 
0.4 and 2.0 per cent copper. 


OUT-OF-DOORS TESTS 


Injury tests on peach (Prunus persica Sieb. & Zucc.) and apple 
(Pyrus malus L.) were made out-of-doors during the month of May. The 
sprays were applied by hand atomizer to branches 18 to 24 inches long 
and bearing about the same number of leaves. All compounds were ap- 
plied to an individual tree, care being taken to prevent the mixing of 
sprays by drifting. The applications at different concentrations were 
replicated on different trees. On the peach concentrations of 0.02 and o.1 
per cent copper were used and on the apple o.1 and o.5 per cent. 


RESULTS 


The results of the sprays on the greenhouse plant were characterized 
by the extent of injury. Out-of-doors definite necrotic spots appeared on 
the leaves of apple and peach and it was possible to classify the leaves 
into groups depending on the varying degrees of injury. 
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The general results are presented in Table IV where the copper com- 
pounds are placed in groups based on their effect on the different plants. 
Phytocidal differences between compounds within a group could not be 
demonstrated. 

It will be seen that in general the more fungicidal compounds are also 
the more phytocidal. However, Bordeaux mixture is not outstanding in 


TABLE IV 


RELATIVE PHYTOCIDAL RESPONSES OF DIFFERENT PLANTS TO THE 
DIFFERENT COPPER FUNGICIDES 


Injury Peach Apple Lettuce Buckwheat} Corn pe 
Very | Coposil 
severe | Cuprocide 
Oxychloride 
Oxo Bordeaux | Cuprocide 
Severe! Basic sulphate | Bordeaux 
Bordeaux Coposil 
Phosphate Oxychloride 
Basic sulphate 
Zeolite Zeolite Bordeaux Coposil 
Mod- | Hydro ‘‘40” Oxo Bordeaux | Oxo Bordeaux| Cuprocide 
erate | Oxalate Hydro ‘‘40”’ Coposil 
Cuprocide 
Slight Phosphate All others All others | Coposil Coposil 
Oxalate 
None All others | All others 


foliage injuriousness as it is in toxicity to fungous spores. Coposil, Cupro- 
cide, copper oxychloride, Oxo Bordeaux, and basic copper sulphate all 
equal or exceed Bordeaux in phytocidal action, while copper zeolite, 
Copper-Hydro ‘‘40,’’ copper phosphate, and copper oxalate produce less 
injury. 
DISCUSSION 

The outstanding result of these comparisons is the marked superiority 
of Bordeaux mixture in toxicity under all conditions. This superiority is 
equally pronounced before rain and so cannot be ascribed to the greater 
adherence of Bordeaux. Nor can it be due to the lime content as toxicity 
tests with lime have shown little or no toxicity at concentrations compa- 
rable to that of the Bordeaux mixture dilutions. Since the Bordeaux pre- 
cipitate has a gelatinous character quite different from most of the pro- 
posed substitutes, it is possible that its superior toxicity is due to its 
physical nature. However, further work will be necessary to explain this 
superiority. 

The details of few laboratory comparisons of these copper preparations 
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are available. However, Nikitin (25) found Bordeaux more toxic than 
copper zeolite, and copper zeolite more toxic than copper phosphate, 
copper hydroxide, or basic copper sulphate. The test spores were from 
Macrosporium solani and Glomerella cingulata. Horsfall, Marsh, and 
Martin (15) prepared a number of cuprous and cupric oxides and con- 
cluded that cuprous oxide was more toxic than the cupric. Bordeaux mix- 
ture was shown to be more toxic than various basic copper sulphates in 
the laboratory tests of Holland, Dunbar, and Gilligan (11). No investi- 
gators appear to have found an “‘insoluble’’ copper compound inherently 
more toxic to funguous spores than Bordeaux mixture. 

A good review of the recent developments in new copper fungicides is 
available in a paper by Marsh (23). It is apparent that the results of field 
experiments have not been consistent and no compounds have been out- 
standingly good even on one crop. For example in potato spraying trials 
Marsh, Martin, and Munson (24) found Bordeaux mixture and cuprous 
oxide most effective in one season and cupric oxide more effective in two 
other seasons. Tilford’s results (29, 30) with potatoes showed copper 
oxychloride the only compound equal to Bordeaux one season, while the 
next season Bordeaux was superior to copper oxychloride. Coposil and 
Copper-Hydro ‘‘40”’ sprayed potatoes out-yielded Bordeaux in Bonde’s 
test (6). Wilson (33) and Wilson and Runnels (34) consider copper oxy- 
chloride the most promising substitute for Bordeaux on vegetable crops. 
These investigators found that Bordeaux gave the best control of A/ter- 
naria blight on ginseng. Horsfall and Hamilton (13) obtained good con- 
trol of several diseases with Cuprocide. Adams and Nikitin (1) report 
copper zeolite a more desirable spray on apple than Coposil, Cuprocide, 
basic copper sulphate, or Bordeaux. In the control of apple blotch Kadow 
and Anderson (18) found a number of different compounds satisfactory. 
The results of Cation and Rasmussen (7, 8) indicate that a number of the 
copper compounds will control cherry leaf spot, while Anderson and 
Kadow (2) found only a copper oxychloride and a modified Bordeaux 
satisfactory. Roberts et al. (26) have reported promising results with cop- 
per phosphate, as also have Sessions (27) and Hamilton (g) with Coposil. 
Young and Beckenbach (37) have pointed out that many of the new com- 
pounds have limited value as fungicides due largely to a lack of adhesive- 
ness. 

Various investigators (14, 33, 35, 36) have shown that certain crops 
such as tomatoes and cucurbits, while normally copper-resistant, are sub- 
ject to Bordeaux injury. This injury is apparently due to the lime (16, 
35). Under these circumstances a suitable Bordeaux substitute would be 
very desirable. Cuprocide has given satisfactory results on tomatoes and 
greenhouse tomato seedlings in the experiments of Horsfall, Magie, and 
Cunningham (14) and Horsfall and Suit (17), while Wilson and Runnels 
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(35, 36) recommend copper oxychloride as a substitute for Bordeaux on 
tomatoes, and copper oxychloride or Cuprocide for tomato transplants. 

The erratic results of field experiments and their failure to demonstrate 
any outstanding compounds is probably due to the large number of vari- 
ables involved in field tests, the preliminary nature of many of the reports, 
the failure in many cases to base comparisons on equal copper contents, 
and the fact that many of the compounds probably do not differ sig- 


nificantly. 
SUMMARY 


rt. A laboratory comparison was made of Bordeaux mixture and nine 
other representative copper compounds with respect to toxicity, adher- 
ence, and foliage injury. These evaluations were based on equal copper 
concentrations. 

2. Details are given for a method of calculating the LD 50 and its 
standard deviation from the toxicity curves of compounds tested in the 
laboratory. 

3. The results of laboratory toxicity determinations both before and 
after exposure to laboratory “‘rain’’ with the spores of Sclerotinia fructi- 
cola, Botrytis paeoniae, Glomerella cingulata, Alternaria solani, Uromyces 
caryophyllinus, and Gymnoconia peckiana demonstrate the marked supe- 
riority of Bordeaux mixture over all other compounds. Copper phosphate 
and basic copper sulphate are very inferior in toxicity. An intermediate 
class contains Oxo Bordeaux, Coposil, copper oxychloride, Cuprocide, 
Copper-Hydro ‘‘40,’’ copper oxalate, and copper zeolite. Oxo Bordeaux 
and Coposil are probably the most toxic of this class and copper zeolite 
the least. 

4. Adherence tests based on chemical analyses and toxicity before 
and after laboratory “‘rain’’ show Bordeaux mixture, Cuprocide, and 
copper oxychloride to be the most adherent and copper oxalate and basic 
copper sulphate the least. 

5. Limited phytocidal tests in the greenhouse on lettuce, buckwheat, 
corn, and bush bean, and out-of-doors on peach and apple indicate that 
in general those compounds most toxic to fungous spores are also most 
toxic to the leaves of green plants. The difference in phytocidal properties 
is not, however, as great as that of fungicidal properties and all compounds 
out-of-doors injure to some extent. Compounds equal to or exceeding 
Bordeaux in injury are: Coposil, Cuprocide, copper oxychloride, Oxo 
Bordeaux, and basic copper sulphate, while compounds producing less 
injury than Bordeaux are: copper zeolite, Copper-Hydro ‘‘40,’’ copper 
phosphate, and copper oxalate. 

6. No copper compound appears to have been developed which com- 
bines high fungicidal value with low phytocidal properties. Bordeaux 
mixture has at least as great a range in this respect as any other compound. 
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In special cases such as lime-sensitive plants certain of these compounds 
may be more desirable than Bordeaux. 


7. These results indicate that fifty years of experimentation with cop- 


per compounds have given us none equal to Bordeaux mixture. 


Io. 


Il. 


12. 


21. 


22, 
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EPPECT OF ETHYLENE THIOCYANOHYDRIN, ETHYL 
CARBYLAMINE, AND INDOLEACETIC ACID ON 
THE SPROUTING OF POTATO TUBERS! 


Joun D. GUTHRIE 


During the course of the investigation of the effect of stimulative 
chemicals on plants, observations have been made from time to time which 
have not warranted separate publication. Two of these, the effect of ethyl- 
ene thiocyanohydrin and of ethyl carbylamine, have been combined in 
the present paper. To this a preliminary report on the recently observed 
inhibiting effect of neutralized indoleacetic acid on the sprouting of non- 
dormant potato tubers has been added. It has also been noted that potas- 
sium indoleacetate induced roots to grow from the cut surface of potato 
tubers. 

EFFECT OF ETHYLENE THIOCYANOHYDRIN 


Since both ethylene chlorohydrin and potassium thiocyanate have 
been shown by Denny (1) to be very effective in breaking the dormancy of 
potato tubers, it seemed of interest to try a compound that was similar 
chemically to both of these, that is ethylene thiocyanohydrin, CH,SCN- 
CH.OH. Although no reference to the preparation of this compound could 
be found, a procedure for preparing a substance that appears to be 
CH»SCN-CH.2OH has been worked out. 

Ethylene bromohydrin, 50 g., was refluxed with 39 g. KSCN and 300 
cc. of absolute alcohol for 3 hours. The KBr, 42 g., formed in the reaction 
was filtered out, the alcohol evaporated in vacuo in a bath at 50° C., and 
the residue taken up in 450 cc. of ether. After standing for several hours 
at —10° C., 4 g. of unused KSCN was filtered out, the solution dried with 
Na2SO, and evaporated im vacuo to 150 cc. The solution was placed in a 
separatory funnel and about 50 cc. of petroleum ether added to bring down 
about 3 cc. of a reddish oil which was discarded. The solution was evapo- 
rated im vacuo until most of the solvent was removed and the residue 
washed twice with 50 cc. petroleum ether. The solvents were then com- 
pletely removed from the liquid in vacuo at 60° C. The yield was 32 g. of a 
clear oily liquid. Its sulphur content was 28.2 per cent. This sample was 
used for treatment of potato tubers. Another sample was further purified 
by fractional precipitation from ether with petroleum ether. It contained 
30.4 per cent sulphur and had a specific gravity of 1.223 at 25° C. The 
theoretical sulphur content for CHzSCN-CH,OH is 31.1 per cent. Al- 
though the product is believed to be ethylene thiocyanohydrin, the pos- 
sibility that it is an isomer of this compound has not been eliminated. 


1 Herman Frasch Foundation for Research in Agricultural Chemistry, Paper No. 157. 
Copyright, 1938, by Boyce Thompson Institute for Plant Research, Inc. 
(265) 
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The potatoes (Solanum tuberosum L.) used were second crop Irish Cob- 
bler tubers, harvested in New Jersey in late October, 1934. Pieces cut with 
one eye were soaked for one hour in solutions of ethylene thiocyanohydrin 
and then planted without rinsing. The control was soaked in water, and 
for comparison treatments were also made with potassium thiocyanate. 
A record was kept of the appearance of sprouts above ground. For this 
two flats of twelve pieces each were used. The results are shown in Table I 
where the time for 50 per cent and go per cent of the pieces to show sprouts 
above ground is reported. It will be seen that ethylene thiocyanohydrin is 
very effective in the first experiment at 2.4 g. per liter, while in the second 
experiment on the same tubers 10 days later, it was effective at 1 g. per 
liter. In both experiments higher concentrations were tried, but some of 
the pieces rotted. It may be concluded that ethylene thiocyanohydrin at 
1 to 2 g. per liter is almost as effective as potassium thiocyanate at Io g. 
per liter in producing early sprouting as measured by the time for 50 per 
cent above ground, but is distinctly less effective in producing uniform 
sprouting as measured by the time for 90 per cent above ground. 


EFFECT OF ETHYL CARBYLAMINE 


Since a sample of ethyl carbylamine (C;H;NC) which had been pre- 
pared for another purpose was available, it was tried on dormant potato 
tubers. The ethyl carbylamine was prepared from too g. silver cyanide 
and 60 cc. of C:H;I by the method of Gautier (4, p. 233) with minor modi- 
fications and purified by the method of Toda (12). A fraction boiling at 


TABLE I 


EFFECT OF ETHYLENE THIOCYANOHYDRIN AND ETHYL CARBYLAMINE ON THE 
SPROUTING OF DORMANT POTATO TUBERS 


Days for : Days for 


Treatments 50 per cent go per cent 
above ground above ground 
Ethylene thiocyanohydrin 2.4. per l. 38 58 
« “« & y. 
ee 67 
Control—H,0 05 > ir 
Potassium thiocyanate Io g. per |. 24 31 
“ 
“ “ 5 8: : 54 = 
2g 74 89 
Ethylene thiocyanohydrin I g. per I. 32 ‘ 
Ons 
Control—H,0 2s 3 He 
Potassium thiocyanate . - per l. 3 + 
“ “ 2 g “ “ 62 70 
Ethyl carbylamine 0.75 &. per kg 21 28 
2 
‘ ‘ east beast as id 
Control—closed container only 60 70 


1938] GUTHRIE—CHEMICALS AND SPROUTING OF POTATO TUBERS 267 


ee tO 78° Ci 
same source as described above but were of the 1937 crop. Treatments 
were made on whole tubers by the vapor method of Denny (1). One kg. 
of tubers was placed in 3.5 liter containers for 24 hours with the amounts 


was used for the treatments. The tubers used were from the 


Spuseann 
eonatos 


INDOLEACETIC CINNAMIC 
ACID AcID 


FicureE t. (A) Effect of ethyl carbylamine on the sprouting of dormant potato tubers; 

(B) inhibiting effect of indoleacetic acid on the sprouting of non-dormant potato tubers, 
8 I ; 

with pieces treated with water and with cinnamic acid as controls. Lower row same plants 


as in upper row, but dug up to show that treated pieces have not rotted. 


of ethyl carbylamine given in the table and then cut into one-eye pieces 
and planted. The sprouting data was taken from 24 pieces of each lot. 
The results given in Table I and in Figure 1A show that ethyl carbylamine 
is very effective in breaking the dormancy of potato tubers. However, it 
is doubtful if it could be used in a practical way on account of its objec- 
tionable odor and poisonous nature. 
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EFFECT OF NEUTRALIZED INDOLEACETIC ACID ON 
THE SPROUTING AND ROOTING OF NON- 
DORMANT POTATO TUBERS 

Following the papers of Thimann and Skoog (9, 11) which showed that 
application of indoleacetic acid and other auxins inhibited the growth of 
lateral buds of decapitated seedlings of Vicia faba and of peas, experi- 
ments were started to see if indoleacetic acid would inhibit the growth of 
the buds of non-dormant potato tubers. It is only recently that it has been 
possible to obtain a marked inhibiting effect. In earlier experiments, 
various methods of applying indoleacetic acid were tried. It was applied 
by soaking cut pieces in solutions ranging from 10 to 200 mg. per liter 
for 1 to 3 hours, by application in lanolin near the eyes in concentrations 
up to 50 mg. per gram, by spraying the tubers with a solution of 100 mg. in 
5 cc. olive oil, and by means of drawn out glass tubes in concentrations of 
300 mg. per liter of water. In some cases no inhibiting effect on sprouting 
was observed and in none of the experiments was the sprouting retarded 
more than one week. 

In some experiments reported recently (5) on the effect of glutathione 
on the sprouting of dormant potato tubers it was found that this substance 
entered the tissue with difficulty, but that sufficient glutathione could be 
gotten into the tissue to have a dormancy breaking action by placing 
pieces with their cut bases in 2 per cent solutions for 3 days at 10° C. Re- 
cently it has been found that such treatments may be continued for 6 
days with better results. This procedure was tried with indoleacetic acid, 
since it seemed likely that sufficient of this substance to have an inhibiting 
effect could be introduced into the tissue by this means. 

Inhibiting effect on sprouting. In experiment 1 of this new series which 
was started January 25, 1938, Irish Cobbler tubers harvested in New 
Jersey in November were used. These were just coming out of their rest 
period. Cut pieces having one eye and weighing about 10 g. were used. 
They were washed well with water, dried, and placed in a petri dish with 
the eye up. A solution of 100 mg. of indoleacetic acid neutralized with 
5.7 cc. N/1o NaOH and made up to 100 cc. was poured into the dish. After 
standing uncovered for 3 days at 10° C., a thin layer was cut from the bot- 
tom of the pieces, the pieces washed and a new solution applied for 3 more 
days. The pieces were then planted in the greenhouse at about 20° C, 
Twelve pieces were used for the treatments and two controls of 12 pieces 
each were made in the same way using water. When observed February 11, 
the pieces in the control sample had large sprouts, but there was no sign 
of sprouting in the treated lot. One-half of the pieces had put sprouts above 
ground on February 15 in one control, and on February 17 in the other, 
an average of 22 days for 50 per cent above ground from the start of the 
experiment and 16 days from the time of planting. The treated pieces, 


1938] GUTHRIE—CHEMICALS AND SPROUTING OF PoTATO TUBERS 269 


however, showed no signs of sprouting. When observed 40 days from the 
start of the experiment there were no signs of sprouting in the treated lot 
although the pieces were in sound condition. Eleven sprouts had appeared 
in each control. In this experiment a treatment with roo mg. of neutralized 
cinnamic acid per 100 cc. showed 50 per cent above ground in 21 days 
from the start of the experiment. The photographs used for Figure 1B 


were taken March 7. 
TABLE II 


INHIBITING EFFECT OF NEUTRALIZED INDOLEACETIC ACID AND OTHER SUBSTANCES 
ON THE SPROUTING OF Non-DorMANT PoTATO TUBERS 


No. sprouts above ground 


Exp. Treatment Feb. March 
24 28 3 7 Tas, 
roo mg. indoleacetic acid per 100 cc. ° ° ° ° ° 
25 mg. « « « ne uk o ° ° ° 3 
2 10 mg. « « « & & 6 © ° 7 + 
HO ro) fo) 2 II II 
300 mg. cinnamic acid per 100 cc. ° ° 3 7 8 
H,0 ° I 5 IO 12 
125 mg. pot. indoleacetate per 100 cc. ° ° ° ° I 
30 mg. “ “ “ “ “ ° ° ° 2 5 
a £2 STIG 9 £ nae Od ° 2 9 12 12 
H,0 ° 10 12 12 12 
125 mg. pot. a-naphthylacetate per 100 cc. ° ° ° ° ° 
HO ° I 8 12 12 
Planted at once 4 9 a) 12 12 
HO 1 day I 8 II 12 12 
H:20 3 days I 9 11 12 12 
H;,0 7 days ° ° 8 II 12 
4 Pot. indoleacetate 1 day ° ° ° ° 6 
Z 2 2 days ° ° ° ° 8 
- 2 3 days rf) fo) fo) ) fo) 
- 8 4 days ° ° ° ° I 
¥ = 7 days ° ° ° ° 2 


Other experiments were started as soon as this strong inhibiting effect 
was noted. The results are shown in Table IJ. All the treatments were 
made by the basal soak method at 10° C. as described above. In experi- 
ment 2 started February 11, the same lot of tubers was used as in experi- 
ment 1 and 10 g. pieces were used. In experiment 3 started at the same 
time another lot of non-dormant Irish Cobblers was used. Some of the 
eyes on these tubers showed small sprouts, but 10 g. pieces were chosen 
with non-sprouting eyes and well mixed before distribution to the various 
lots. In experiment 4 started February 14, the same tubers were used as 
in experiment 3, but the pieces weighed about 20 g. The solutions used 
for this experiment were 150 mg. of potassium indoleacetate per 125 cc. 
water. Solutions were changed at 3 days in the 4 and 7 day treatments as 
described in the first experiment. 
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——_— 
FIGURE 2. Rooting response of pieces of potato tubers treated with indoleacetic acid. 
(A) Pieces from exp. 2, 100 mg. per too cc. (B) Pieces from exp. 2, 25 mg. per 100 cc, 
(C) Pieces from exp. 4, potassium indoleacetate 150 mg. per 125 cc. for 1 day. (D) Pieces 
from exp. 4, potassium indoleacetate r<o mg. per 125 cc, for 2 days. (E) Piece from exp. 2, 
I0O mg, per 100 cc., natural size. 
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Table II shows plainly that treatments with neutralized indoleacetic 
acid inhibits the sprouting of the tubers. The treated pieces were in good 
condition with the exception of the potassium naphthylacetate treatment 
of experiment 3, in which half of the pieces rotted. Weaker treatments of 
this substance will be tried. The proliferation at the lenticels and the ap- 
pearance of small sprouts in some of the weaker treatments showed that 
the treated pieces were alive. Although some pieces in the stronger 
treatments showed surface rot, other chemicals have been noted to pro- 
duce surface injury without inhibiting sprouting. It may be noted, how- 
ever, that inhibition of potato sprouting by thioacetamide has been noted 
by Miller (8) and by ethylene by Elmer (2), Gane (3), and Huelin (7). 

The question as to whether tubers that are naturally dormant contain 
more auxin than non-dormant tubers must be answered analytically be- 
fore a connection between the above noted inhibition and dormancy can 
be shown. Several years ago this was undertaken, but methods of extrac- 
tion then available appeared to be inadequate. Using Thimann’s chloro- 
form, hydrochloric acid procedure (10) no substance active on oat coleop- 
tiles could be obtained from freshly-harvested potato tubers, but there 
were indications that the tubers contained something that destroyed auxin 
in the process of extraction. Active extracts were obtained from potato 
sprouts. From time to time as improved methods of extraction become 
available, this phase of the investigation will be continued. It is also 
planned to treat some of the inhibited pieces with dormancy-breaking 
chemicals to see if they will hasten the sprouting of such pieces. 

Rooting response. The question of whether or not the pieces were pre- 
vented from growing due to injury is best answered by the growth of roots 
from the cut surface of many of the treated pieces. These roots grow from the 
cut surface well away from the eye or skin. This is illustrated in Figure 2. 
Roots do not normally grow from the cut surface. Such rooting has not 
been seen on potato tubers before in this Laboratory, although thousands 
of pieces have been observed. It is impossible to state at the present time 
that rooting from the cut surface of potato tubers has never been reported 
before, but if this were true, the case is a good one for the induction of 
roots in a place where they never appear without treatment with a root- 
inducing substance like those used so successfully by Hitchcock and 
Zimmerman (6, 13). 

SUMMARY 

1. A substance believed to be ethylene thiocyanohydrin was effective 
in breaking the dormancy of potato tubers. Ethyl carbylamine also 
showed marked dormancy-breaking action. 

2. Neutralized indoleacetic acid inhibited the sprouting of pieces of 
non-dormant potato tubers when the bases of the pieces were soaked in 
solutions ranging from 25 to 100 mg. per too cc. for 1 to 7 days at 10° C. 


272 


CONTRIBUTIONS FROM BoycE THOMPSON INSTITUTE [Vor. 9 


3. These treatments with neutralized indoleacetic acid also induced 


rooting at the cut surface of the pieces. Rooting at this part of potato 
tubers has not been observed before in this Laboratory, nor have we found 
a report of such rooting in the literature. 


n> 


10. 


II. 


12. 


Vig) 


LITERATURE CITED 


Denny, F. E. Hastening the sprouting of dormant potato tubers. Amer. Jour. Bot. 13: 
118-125. 1926. (Also in Contrib. Boyce Thompson Inst. 1: 59-66. 1926.) 


. Ever, O. H. Growth inhibition of potato sprouts by the volatile products of apples. 


Science 75: 193. 1932. 


. GANE, R. Production of ethylene by some ripening fruits. Nature [London] 134: 1008. 


1934. 


. GAUTIER, ARM. Des nitriles des acides gras. Ann. Chim. et Phys. 17: 103-260. 1869. 
. GUTHRIE, Jonn D. The role of glutathione in the breaking of dormancy by ethylene 


chlorhydrin, Amer. Jour. Bot. 24: 734. 1937. 


. Hitcucock, A. E., and P. W. ZIMMERMAN. Effect of growth substances on the rooting 


response of cuttings. Contrib. Boyce Thompson Inst. 8: 63-79. 1936. 


. HvuELty, F. E. Effects of ethylene and of apple vapours on the sprouting of potatoes. 


Great Britain Dept. Sci. & Indus. Res. Food Invest. Bd. Rept. 1932: 51-53. 1033- 


. MiILLer, LAWRENCE P. Effect of sulphur compounds in breaking the dormancy of 


potato tubers and in inducing changes in the enzyme activities of the treated tubers. 
Contrib. Boyce Thompson Inst. 5: 29-81. 1933. 


. SKooG, FoLkKE, and KENNETH V. THIMANN. Further experiments on the inhibition of 


the development of lateral buds by growth hormone. Proc. Nat. Acad. Sci. 20: 
480-485. 1934. 

THIMANN, KENNETH V. Studies on the growth hormone of plants. VI. The distribution 
of the growth substance in plant tissues. Jour. Gen. Physiol. 18: 23-34. 1934. 

THIMANN, KENNETH V., and FoLKE SKooa. On the inhibition of bud development and 
other functions of growth substance in Victa faba. Proc. Roy. Soc. [London] B. 114: 
317-339. 1934. 

Topa, SHIGERU. Uber die Wirkung von Blausaiureathylester (Athylcarbylamin) auf 
Schwermetallkatalysen. Biochem. Zeitschr. 172: 17-30. 1926. 

ZIMMERMAN, P. W., and A. E. Hircucock. Comparative effectiveness of acids, esters, 
and salts as growth substances and methods of evaluating them. Contrib. Boyce 
Thompson Inst. 8: 337-350. 1937. 


EXTRACTION AND DETERMINATION OF 
VITAMIN GIN PLANT “CISswUe 


Norwoop C. THORNTON 


The usual procedure of extraction recommended by Bessey and King 
(1) requires considerable time for separating the vitamin C from the tissue 
after the tissue has been macerated. Because of this it was found necessary 
to resort to some other procedure when as many as 25 samples of tissue 
had to be examined within a few hours. During the past year the pro- 
cedure as previously outlined (3) and as herein presented has been used 
with complete success. The data presented in the tables in this report have 
been obtained exclusively with the banana (Musa sapientum L.) fruit. 
However, the efficiency of the procedure has been checked by measure- 
ments with potato (Solanum tuberosum L.) tubers; asparagus (Asparagus 
officinalis L.) shoots; apple (Pyrus malus L.) fruit; bean (Phaseolus vulgaris 
L.); pea (Pisum sativum L.); and tangerine (Citrus nobilis L.). 


METHOD AND RESULTS 

Procedure recommended. The plant tissue was rapidly sampled, weighed 
(approximately 20 grams), and placed in a porcelain mortar containing 
50 cc. of a mixture of acids. This acid mixture consisted of equal parts of 
either 1 N, 2 N, or 3 N sulphuric acid and N/4 metaphosphoric acid as 
suggested by Mack and Tressler (2). The tissue was ground with a porce- 
lain pestle by the aid of 3 to 8 grams of acid-washed quartz sand to an 
extremely fine consistency. This preparation was then transferred to a 
200 cc. volumetric flask with repeated rinsings of the mortar and made up 
to volume with the acid mixture, thoroughly mixed, centrifuged, and ali- 
quots used for titration with a solution of 2.6-dichlorophenolindophenol. 
The indicator solution was prepared each day and was standardized 
against a freshly prepared solution of ascorbic acid ‘“‘Roche’”’ in the acid 
mixture used on the particular plant tissue tested. Sufficient indicator 
may be prepared for two or three days’ use, but this solution must be 
standardized against a freshly prepared ascorbic acid solution each time 
it is used. Since the indicator slowly loses in strength and a reddish-brown 
coloration appears which interferes with the end point upon standardiza- 
tion it is recommended that the solution should not be used for more than 
two days. The dye (approximately 0.1 to 0.2 g. per liter) is dissolved in a 
small quantity of distilled water, filtered and diluted to a point where the 
meniscus is easily determined in the micro-burette. Since carbon dioxide 


1 The writer is indebted to Mr. G. L. Poland of the United Fruit Company for furnish- 
ing the bananas used in this work. 
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causes a reduction in the strength of the dye solution it is necessary to 
dissolve the dye in distilled water at room temperature which is in equi- 
librium with the carbon dioxide of the atmosphere in order to overcome 
any great change in the dye, from this source, after it has been standardized. 

The titration of the plant extract with the dye is facilitated by the 
following procedure: The micro-burette is set up with two large test tubes 
or centrifuge tubes. A 1o cc. aliquot of the extract is measured into each 
of the tubes. The titration is carried out by running the dye solution from 
the burette into the sample which is constantly agitated by tapping the 
lower end of the loosely clamped tube with the finger. The end point of the 
titration is readily determined by comparison with the adjacent tube con- 
taining only the extract. This is particularly useful when titrating ex- 
tracts containing some coloring matter. With banana tissue extract the 
end point is reached at the point where the pink color of the extract per- 
sists for approximately 10 seconds with constant agitation of the solution. 

It is true that the acid solution used for extracting vitamin C from the 
tissue will discolor the dye, but this is of little practical consequence. 
During this investigation all of the various combinations of acid extracting 
media used as well as an acid mixture wash of the quartz sand were ti- 
trated with the dye solution with the result that less than one drop (or 
0.04 cc.) of dye was necessary to develop a pink color which is an amount 
too small to interfere with the determination of vitamin C. 

Treatment of the tissue extract with hydrogen sulphide (2) is often 
necessary to insure that all of the ascorbic acid present is in the reduced 
form which is the only form that will react with the dye. This procedure is 
usually unnecessary when a strong acid is employed to extract the ascorbic 
acid from the tissue. However, when an unknown tissue is being investi- 
gated or there is any doubt of the efficiency of the acid mixture in inacti- 
vating the enzymes, the hydrogen sulphide treatment of the tissue extract 
should be employed. 

This procedure is carried out most easily by taking an arbitrary volume 
of extract in a graduate and passing HS through the liquid for ro to 15 
minutes and letting the solution stand for an additional period up to 15 
minutes, then bubbling carbon dioxide through the solution until all of 
the HeS is removed. The solution is then made up to the original volume 
with the acid mixture if there has been any loss by evaporation. Aliquots 
are then taken for titration with the dye. 

This volumetric procedure has been used with various concentrations 
of different acids often recommended and used for the determination of 
vitamin C in plant tissue. The results of these tests are given in Table I 
where the data corresponding to the banana finger used are analyses of 
from two to five samples taken from the same finger. Of the three acids 
tested in combination with metaphosphoric acid only sulphuric gave con- 
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AU RHETS, al 


VitTaMIN C ConNTENT OF BANANAS AS DETERMINED BY VOLUMETRIC PROCEDURE 
witH VARIOous Acip MEDIA 


Vitamin C, mg. per 100 g. of fresh tissue 
HS re- 3 : ; ; ; 
Sone Ree a Acid medium used with metaphosphoric acid 
condition 
: of extract : 
“eG sa before Sulphuric Acetic Trichlor- 
titration aCelie 
IN 2N 3N 18% |8%cold| 8% hot} 8% 
Vellou. Brin No 12.8 — _— Ome 8.6 == 12.8 
; Yes oars) — _— II.0 LOi it = 12.8 
Welows hin No 12.9 = = 10.1 3o2) == Tee 
: Yes 12.9 — — 10.9 g.0 = UP aYy 
ao No 2 oe — — 8.9 6.9 8.1 10.4 
Yes I1.4 — — 10.0 8.1 9.3 10.6 
ae No ie ea — — 12.2 ae, 7.4 — 
Yes 13 — —— 12.9 9 9.0 — 
(reen** No 15.0 TO — 14.0 
Yes 15.0 150) — Aes 
Yellow, firm No 13.0 12.9 TIE ACOs — 
Yellow, firm No 12.6 12.6 1205 
Green*** No I5.0 rises Ta fi — 
Yes 15.0 nite ge TAG 31 a 


* Exposed to respired CO, for 48 hours. 

** Held in air 24 hours after exposure to CO. 

*** Normal condition. 
sistent and uniformly high values which were unchanged upon reduction 
with hydrogen sulphide. Sulphuric acid may be used in any one of three 
concentrations, i.e., 1 N, 2 N, or 3 N. The strong acid has no detrimental 
effect on the ascorbic acid content of the plant tissue as shown by the 
data given under these three concentrations. Furthermore, it is not essen- 
tial that the sulphuric acid extract be titrated immediately. Tissue ex- 
tracts were held in stoppered flasks at room temperature for as long as 
three hours after the first titration with no change in the vitamin C con- 
tent. However, extracts held for ro to 20 hours showed a gradual reduction 
in the titration value indicating some loss of vitamin C. 

The usual concentration of acetic acid is not recommended for the de- 
termination of vitamin C of tissue such as the banana, because the banana 
contains enzymes that bring about the destruction of the ascorbic acid 
when the tissue is macerated unless a strong acid is present to inhibit the 
action of these enzymes. As shown in Table I the vitamin C contents of 
the samples of banana macerated in 18 per cent acetic acid or in either hot 
or cold 8 per cent acetic acid are considerably lower than those obtained 
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by the use of sulphuric acid. Furthermore, the values obtained with the 
acetic acid are not the true values because after reduction of the extract 
with HS the values always increase indicating an oxidation of vitamin C 
during extraction. 

Trichloracetic acid in a concentration of 8 per cent does in some cases 
give results comparable with those obtained with sulphuric acid. As is 
shown in Table I, more nearly comparable results are obtained with the 
ripe than with the green bananas. Only in the cases of the green bananas 
were there any increases in the vitamin C content after reduction with 
H.S. Since the green tissue resists grinding and forms a viscous mass with 
the volume of trichloracetic acid used, it is possible that some oxidation 
takes place before the enzymes are completely inactivated. 

The vitamin C values given for two lots of green bananas (see footnote 
of Table I) are lower than those normally found because of the exposure 
to the carbon dioxide which accumulated in the closed container because 
of the respiration of the fruit. This result has been mentioned in an earlier 
paper (4) and will be discussed more fully in a later paper. This reduction 
is not due to the effect of the dissolved carbon dioxide in the tissue extract 
acting on the indicator, but to an actual reduction in the total amount of 
ascorbic acid present in the tissue. The passage of carbon dioxide gas into 
banana extract will cause no change in the titration value of the dye from 
that obtained previous to the treatment with carbon dioxide. Also carbon 
dioxide dissolved in the freshly pressed juice of asparagus tissue before or 
after adding acid in preparation for titration with the indophenol dye, wil! 
cause no variation in the titration value from that obtained when carbon 
dioxide is absent. The carbon dioxide effect is not upon the extracted ma- 
terial but upon the living tissue previous to the extraction procedure. 

The necessity of inactivating the enzymes of the banana tissue with a 
strong acid at the time of macerating is shown by the data in Table II. 
Either macerating the tissue in air or allowing the macerated tissue to 
stand without acid for only one minute causes a loss of as much as 50 per 
cent of its original vitamin C content. Likewise additional periods of time 
in air allow a further loss in the vitamin C content of this tissue to a point 
where almost complete destruction is obtained within 30 minutes. This is 
especially true in the case where the banana tissue is macerated, mixed 
with water, and oxygen passed through the mass for 30 minutes. In every 
case when the air-exposed macerated tissue extract was reduced with HS 
there was obtained some recovery of the oxidized vitamin C. These data 
indicate that the changes in the ascorbic acid from the reduced to oxidized 
and thence to an irreversible oxidized form are quite rapid and can be 
retarded or inhibited by the presence of a strong acid. 

The data given in the fourth column of Table II cannot be compared 
with the values given in Table I since they represent the analyses of single 
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TABLE II 


EFFECTIVENESS OF PRESENCE OF ExTRACTING ACIDS AT TIME OF MACERATING ON THE 
ENzyMATIC DESTRUCTION OF VITAMIN C IN THE BANANA 


Color and Acid seen Vitamin C, mg. per 100 g. of fresh tissue 
ae . uction ; 
Brice Sens eee Minutes after grinding before adding acid 
fi before 
(finger) HPOs titration fo) I P55 5 Io 30 
Yellow, green| 8% trichlor- No Tey Sos Ane 4.1 — = 
tips, firm acetic Yes Iwo 7/ A s(6) 4.4 Am = = 
8% trichlor- No 16.6 — = — 4.8 — 
rece, hard acetic Yes 16.6 5-4 = 
Green, hard | 1 N H2SO, No 15.9 se a: ce 5-3 =a 
Yes 15.9 = = = Bog == 
Yellow, green No 12.6 7-9 Gail Aap == — 
tips, firm tN H3S0. Yes 12.6 8.5 7.6 3.6 -- — 
Yellow, brown No 12.2 — — — TA I.2 
flecks, soft | ? N H2S0. Yes 12.2 — — — 2.4 2.2 
Yellow, brown = No I2.2 —- — ~- 7) Te? 
flecks, soft | ? N 2804 Yes 12.2 — — — 2a 2.2 
50% brown, No Dies _ — - Ono nOn 
soft aS Yes tr. G — — _ - ae 


* Macerated tissue mixed with water and oxygen bubbled through the mass. 


fingers. These values in Table II do show, however, the range in the vita- 
min C content of the banana at different stages of ripeness. 

The vitamin C content of the banana tissue was determined by both 
the volumetric method as already described and the extraction method of 
Bessey and King (1) as is usually used. In these tests both ro and 20 gram 
samples of banana tissue were macerated with 30 and 50 cc. of acid re- 
spectively and made up to roo cc. by three rinsings in the former case 
and to 200 cc. with three, four, and six rinsings in the latter case. In those 
cases when 10 grams were extracted with a total of 100 cc. of acid mixture 
the total value of ascorbic acid averaged 7 per cent below that obtained 
with the volumetric procedure. Tests with a fourth extraction of the resi- 
due in the centrifuge tube showed the presence of an appreciable amount 
of vitamin C still present in the mass. These operations were repeated 
with a 20 gram sample where the final volume was 200 cc. obtained by 
50 cc. of acid for grinding and three additional extractions of the tissue. 
The data for this investigation are given in the first row of figures of Table 
III which show a loss of ro per cent of the vitamin C content by the ex- 
traction method. Furthermore it is to be observed that there was some 
oxidation of the vitamin C during the extraction and none during the 
volumetric procedure. The next test of the extraction procedure was with 
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TABLE III 


COMPARISON OF VOLUMETRIC AND EXTRACTION PROCEDURES FOR THE 
EsTIMATION OF VITAMIN C 


Vitamin C, mg. per roo g. of fresh tissue 
Acid medium used with metaphosphoric acid 
H.S re- 
Color and duction Sulphuric Trichloracetic 
condition of of extract 
banana (finger) before 7N a 8% 
titration 
Volu- | Extrac- | Volu- | Extrac- | Volu- | Extrac- 

metric tion metric tion metric tion 

No 12.8 10.7 — — os — 

Etech ards Yes 12.8 np bees = — —_— —_— 
No 14.9 na a5 14.9 14.2 14. 13.6 
Green, hard Yes 14.9 13.6 14.9 14.2 14.2 13.9 
Yellow, brown spots No OG 11.6 8 II.9 se eS, 
in peel, soft Yes FI. 5 11.6 8 11.8 II.9 LE 
— — — — J II.0 
he So Se Yes = = = = ee : ; II.0 

No 12.8 12.8 -- -- — — 

* 

Green, hard No ee a! as Le se. me 

No T2668 12.8 —- a+ — — 

Yellow, firm No 12.8 12-7 _ — — — 


* Held in air 24 hours after exposure to CO). 
** Exposed to respired CO: for 48 hours. 


four extractions of the tissue after macerating with 50 cc. of acid and the 
data are given in the second line of Table III, where is shown an appre- 
ciable loss of 4 to 9 per cent of the vitamin C content by the extraction 
procedure. In these tests and in others reported in this table one banana 
finger was sampled twice only, once for the volumetric and once for the 
extraction procedure for each acid medium used. Thus, it is not possible 
to compare the results of the volumetric procedure for the different acid 
media used. The remaining data in Table III show very good agreement 
between the volumetric and extraction method where six extractions were 
made of the 20 gram sample of tissue. A difference of 0.1 or 0.2 mg. of 
vitamin C per 100 grams of tissue is not to be considered a serious variation 
and is much closer than many tissues can be sampled. 

Having obtained very good agreement with duplicate samples of tissue 
of nearly equal weight the next tests were conducted on samples of tissue 
varying in weight. The data in Table IV show that almost any convenient 
weight of banana tissue may be used, provided a sufficient quantity of a 
strong acid is used as a grinding medium for the extraction of vitamin C. 
Although no difficulty was found in grinding either a 13, 19, or 26 gram 
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TABLE IV 


VITAMIN C Content oF FINGERS AS DETERMINED BY DUPLICATE AND TRIPLICATE 
SAMPLES OF LIKE AND VARYING WEIGHTS OF TISSUE 


Vitamin C, mg. per 100 g. 
of fresh tissue 
Color and Grams of rated 
condition of pulp tissue vith HPO, H2S reduction before 
banana (finger) from banana Ms s titration 
No Yes 
Y 20.799 12.3 12.3 
ellow 20.971 tN H2SO« 12.3 T2e3 
, : 20.267 12.4 IP} ZL 
Yellow 20.715 1 N H2SO, 12.4 12.4 
, £ ; L 18.753 12.8 12.8 
Yellow, brown flecks 78.837 t N H.SO, 8 Ear 
eh 20.635 a Taye 
Green 20.712 2 N HeSO, Esa TS, f 
19.178 VD) TG are 
It.640 5.10 ESO 
Green 16.459 2 N H.SO, Tes Toys 
19.677 Be 7 15-7 
19.575 15.8 = 
Green 26.223 2 N HeSO, 15.6 —- 
13.668 1 — 
sample of tissue from the same banana finger with 50 cc. of 2 N sulphuric 


acid mixture and obtaining close agreement in the vitamin C content, it 
is recommended that if larger samples are used more of the acid mixture 
must be present at the time the tissue is macerated. 

A comparison of the vitamin C data in Table IV before and after re- 
duction with H.S shows that reduction of the strong acid extracts before 
titration with the dye is unnecessary. When the correct acid or strength 
of acid is determined with the volumetric procedure for any particular 
tissue the reduction of the extract with hydrogen sulphide becomes an 
unnecessary time-consuming part of the procedure in the determination 
of vitamin C. 

Duplicate samples of banana tissue were macerated, one with 5 and 
the other with ro grams of quartz sand in 1 N sulphuric acid and the 
vitamin C content of the two samples was found to be identical. This 
result shows that no appreciable error is introduced by*the addition of 
this quantity of sand to the tissue and washing it into the volumetric 
flask. As a result of various tests where the correction was made for the 
sand added for grinding there was an average difference of only 1.4 per 
cent in the vitamin C content of the tissue. If, for example, a tissue con- 
taining 16 per cent insoluble matter was washed into the volumetric flask 
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with the sand the total error introduced by both materials would be only 
2.4 per cent in the final value for the vitamin C content of the tissue. This 
error is, in many cases, much smaller than that introduced into the ex- 
traction method; furthermore, there is the assurance of a representative 
sample of all of the vitamin C in the tissue in an unoxidized form if 
sufficiently strong acid is used. 


DISCUSSION 


The volumetric procedure here proposed has the advantage over the 
extraction procedure now in use in that a representative sample of the 
total vitamin C content of the tissue is obtained with one maceration and 
centrifuging of the suspension of this macerated tissue. Furthermore, if 
sufficiently strong acids are used during the grinding process no additional 
treatment of the extract with H»2S is necessary. With the extraction pro- 
cedure approximately twice as much time is involved in obtaining the 
separation of the vitamin C from the tissue and considerable care must be 
taken to insure that a sufficient number of extractions of the tissue have 
been made to separate completely the vitamin C from the tissue. The 
number of extractions of the plant tissue usually recommended after 
macerating with acid are not sufficient to obtain all of the vitamin C of 
the banana tissue. However, the values for the vitamin C content obtained 
with six extractions of the macerated tissue are comparable with the values 
obtained by the volumetric procedure that gives the vitamin C content 
with only one process of separating the liquid from the suspended matter. 

Extreme care must be exercised in the choice of the acid used in the 
extracting medium for the determination of vitamin C. Where there are 
no ascorbic acid oxidizing enzymes present in the plant tissue to interfere 
with the determination, the concentration of acetic acid usually recom- 
mended may be used. However, in the case of the banana 8 or 18 per cent 
acetic acid gives low values and in some cases the use of 8 per cent tri- 
chloracetic acid is to be questioned. The safest procedure is to use 1 N, 
2 N, or 3 N sulphuric acid which have no detrimental effect upon the 
vitamin C content of the tissue and not only protect the vitamin C from 
enzyme action but also make unnecessary a H2S treatment for recovery 
of oxidized ascorbic acid. The acid mixture must contain the required 
amount of metaphosphoric acid to minimize the action of copper in the 
solution. 

SUMMARY 

1. The successive extraction procedure usually recommended for re- 
moving vitamin C (ascorbic acid) from macerated plant tissue is not satis- 
factory because several (at least more than three) extractions are necessary 
for its complete removal. 
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2. This paper describes a modification of this method which requires 
only one maceration and extraction of the tissue. The modified procedure 
is accurate and requires considerably less time and manipulation to pre- 
pare the tissue extract for titration with the solution of 2.6-dichloro- 
phenolindophenol. 

3. In the banana there are enzymes present which bring about a rapid 
destruction of the vitamin C content when the tissue is macerated in air, 
reducing the ascorbic acid values by 50 per cent within one minute if 
sufficient concentration of the proper acids is not present at the start of 
the maceration. 

4. Only strong acids such as 1 N, 2 N, or 3 N sulphuric acid in com- 
bination with N/4 metaphosphoric acid which quickly inactivate the 
enzymes of the tissue were found satisfactory in the separation of vitamin 
C from tissues containing the ascorbic acid oxidizing enzymes. 

5. Neither 8 nor 18 per cent acetic acid, nor, in some cases, 8 per cent 
trichloracetic acid, is of sufficient strength to inactivate the enzyme, and 
on this account when such acids are used the values obtained were too low. 

6. The use of suitable concentrations of sulphuric acid eliminated the 
necessity of treating the tissue extract with hydrogen sulphide to recover 
oxidized ascorbic acid. 


Note Added in Galley Proof 


Since the preparation of this paper tests have shown that complete reduction of oxi- 
dized ascorbic acid with hydrogen sulphide is inhibited by strong acid solutions such as 
recommended for the extraction. This result does not require any modification of the re- 
commended procedure. The strong acid mixture employed inhibits oxidation and no reduc- 
tion of oxidized ascorbic acid is needed. Furthermore tests show that ascorbic acid added 
to banana tissue at the time of grinding may be completely recovered without the necessity 
of the reduction with hydrogen sulphide. 
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SUGGESTIONS FOR STANDARDIZING THE ETHYLENE 
CHLORHYDRIN TREATMENT FOR INDUCING 
SPROUTING OF RECENTLY-HARVESTED 
INTACT POTATO: TUBERS 


F. E. DENNY AND LAWRENCE P. MILLER 


The problem is to find the approximate conditions for treating the 
tubers so that sprouting will be initiated even in the uncut tubers before 
planting, and to have a method of assuring oneself within a day or two, 
or at most within five days after the start of the treatment, that the 
treated tubers have been brought into this condition. 

Previous experiments (2) showed that the quantity of ethylene chlor- 
hydrin found in an unaltered condition in potato tubers at the end of a 
five-day period of treatment was correlated with the subsequent growth 
of the tubers after they had been cut and planted; and that the range for 
inducing a satisfactory gain in germination was quite wide, i.e., from a 
lower limit of about 1.0 cc. to an upper limit of 15 or 20 cc. of o.1 M 
ethylene chlorhydrin per roo g. of tissue, or even more, depending upon 
the temperature during the treatment. 

In the experiments here reported, samples were taken each day during 
the five-day treatment, these providing information as to the progress of 
the absorption of the chemical, and as to the duration of the treatment 
necessary to hasten germination satisfactorily. Two varieties, Bliss Tri- 
umph and Irish Cobbler, were used, and both of these at three intervals 
of one week each after harvest. 

The results indicate a rather wide range of conditions under which 
breaking of dormancy may be expected to occur, and show that a chemical 
test, not too complicated to be feasible, at least when large quantities of 
tubers are to undergo treatment, may be used to determine the time at 
which the treatment may be discontinued, i.e., when the tubers have been 
brought into condition for subsequent sprouting. 


METHODS 


The potato (Solanum tuberosum L.) tubers used in the main tests were 
harvested in the interval from August 2 to 5, 1937, and were spread on the 
floor indoors for one week before the treatments were started. In later 
tests a crop from late-planted tubers was harvested October 22, 1937, and 
tests with these were started in the interval from the first to the fourth 
day after harvest. 


1 Herman Frasch Foundation for Research in Agricultural Chemistry, Paper No. 163. 
Copyright, 1938, by Boyce Thompson Institute for Plant Research, Inc. 
(283) 
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The treatments were made in 2-gallon glazed earthenware jars, using 
28 to 40 tubers (weighing 2500 to 3500 g.) in each jar. The ethylene chlor- 
hydrin (CH:CICH:OH) was taken up in a piece of cheesecloth which was 
spread loosely in a large watch-glass placed over the tubers in the jar. 
Modeling clay was used for sealing. The ethylene chlorhydrin solution 
used was the commercial 40 per cent solution, 1 cc. of which is equivalent 
to approximately 50 cc. of o.1 M ethylene chlorhydrin. 

After the treatment the tubers were not planted at once, but were 
divided into two lots and stored at room temperature in paper bags, one 
lot being planted 4 days, the other lot 14 days, after the end of the treat- 
ment. Before planting the tubers were cut into one-eye pieces weighing 
approximately 25 grams each, 50 pieces constituting a sample. They were 
planted in soil in flats stored in tiers indoors at room temperature (approxi- 
mately 22° C.). Each 4 to 7 days a count was made of the emerged sprouts. 
The criterion used for representing the data was the time after planting 
for go per cent emergence, this end-point representing not only rate but 
also completeness of germination. Procedures that did not produce go per 
cent germination were considered undesirable whatever might be the rate 
for, let us say, 50 per cent. Procedures that induced go per cent emergence 
in about 30 days from planting were regarded as successful. 

The method used for the determination of the ethylene chlorhydrin 
absorbed during the treatments is essentially the same as was previously 
used (2) except that the determinations were made on the expressed juice 
rather than on the tissue. The method is based on the fact that ethylene 
chlorhydrin forms a constant boiling mixture with water (of minimum 
boiling point) and can therefore be recovered by distillation. The ethylene 
chlorhydrin distilled over is allowed to react with Ba(OH), to form BaCle. 
The chloride formed can then be titrated by the Volhard method which 
involves the addition of an excess of AgNOxs solution after acidification 
with HNQ; and titration of the excess AgNO; with potassium thiocyanate, 
using ferric ammonium sulphate as an indicator. Previous tests with this 
method for chlorhydrin have shown that from 85 to 90 per cent of added 
chlorhydrin is recovered. 

For the determination of the chlorhydrin absorbed in a given treatment 
it is important to take special care to get a representative sample since 
there is considerable variation in the amounts absorbed by individual 
tubers. In the experiments reported in this paper each determination was 
based on a sample obtained from one-half of the tubers used in the treat- 
ment. One-quarter was removed from each tuber sampled and the juice 
obtained by grinding through a food chopper with a fine cutter and sub- 
sequently squeezing by hand through cheesecloth. The juice was allowed 
to stand for a short time to permit the starch to settle out and then ali- 
quots were taken for distillation. It is somewhat more convenient to use 
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juice than tissue since it is easier to get a representative sample and the 
distillation proceeds more smoothly. Comparisons made on the quantities 
of chlorhydrin obtained when determined in terms of roo cc. juice and 
too g. tissue have shown that when expressed in terms of juice the results 
are somewhat higher. An average of 15 such comparisons has shown that 
in order to convert results expressed in terms of the juice to tissue one 
should multiply by the factor o.8r. 

Quantities of juice varying from roo to 200 cc. were used for the distilla- 
tion. Water was added to make a total volume of 250 cc. In addition 3.3 
cc. of N H:SO, were added for each roo cc. of juice. The distillate was 
collected in a 200 cc. volumetric flask containing 9 grams of Ba(OH)s. 
An aliquot of the solution in Ba(OH), was titrated by the Volhard method 
after standing overnight. If the Ba(OH), solution is heated to boiling the 
titration can be made at once after cooling and thus the whole determina- 
tion may be completed in a few hours if it is desired to have a prompt 
answer as to the amount of chlorhydrin absorbed in a given treatment. 


RESULTS 
ABSORBED ETHYLENE CHLORHYDRIN AND SPROUTING RESPONSE 


The results are shown in Table I. In column 2 are listed the amounts 
of ethylene chlorhydrin applied per roo g. of tubers at the start of the 
treatment, 20 cc. of o.1 M representing the upper limit, and 5 cc. the 
lower limit for treatment, as shown by previous tests. 

If we consider that a successful treatment is one in which not more 
than about 30 days are required for 90 per cent sprout emergence, and if 
we compare the successes and failures with the amounts of ethylene chlor- 
hydrin found in the corresponding juice samples, as shown in columns 4, 
7, and 10, we find that a safe range for success under all of the conditions 
of the test is from 8 to 12 cc. of o.t M ethylene chlorhydrin per 100 cc. of 
juice. When such amounts of ethylene chlorhydrin were found in the press- 
juice, good sprouting invariably resulted with both varieties whatever the 
temperature of the treatment (within the limits that occurred in the tests) 
whether the treatment lasted one day or five, and whether the treatment 
was applied at the first, second, or third week after harvest. Favorable 
results were obtained at amounts much lower than 8 cc.; indeed, a 5 cc. 
minimum gave 17 successes out of 18, and the range 3.5 cc. to 5.0 cc. 
showed 9 successes out of 12. But when the amounts absorbed were below 
3.5 cc. of o.1 M ethylene chlorhydrin per 100 cc. of juice 21 failures out 
of 31 resulted. In the higher range, 12 to 15 cc. gave 7 successes and no 
failures, and while 15.7 cc. gave injury in one test, other lots showed 
sprouting and no rotting of seed-pieces at 15.2, 17.3, 17.5 and 18.2 cc. 

Although 30 days for 90 per cent germination was taken as a criterion 
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TABLE I 


RELATIONSHIPS BETWEEN AMOUNTS OF ETHYLENE CHLORHYDRIN UsED, ABSORBED BY 
TIssUE, TEMPERATURE, DURATION OF TREATMENTS, AND TIME FOR 
EMERGENCE OF SPROUTS OF DORMANT Potato TUBERS 


Treated 1 week after | Treated 2 weeks after | Treated 3 weeks after 
harvest. Temp. 27° C. | harvest. Temp. 26° C. | harvest. Temp. 22° C. 
Ce: Se 
o.t M | Dura- Days for 90% Days for 90% Days for 90% 
> | chlor-| tion of} Cc. emergence Gea emergence EG, emergence 
®. |hydrin| tréat- | 0.2 Mo i ot eee 
© | per | ment, | chlor- | Planted days} chlor- | Planted days | chlor- | Planted days 
> |100g.| days | hydrin after hydrin after hydrin after 
tubers per Ioo| treatment per 100| treatment per 1oo| treatment 
cc, juice) ———— | cc._juice| -—-—— Ice. juice 
4 14 4 14 4 14 
I II.9 ay 9 9-5 13 14 2.8 48 28 
2 E3nL 15 13 14.3 13 12 425 15 24 
20 & P2006 15 = 18.2 15 8 5.8 25 II 
4 he 19 II 13.3 16 1a G25 13 10 
5 tS a7 is = EFAS x3 6 8.4 12 9 
a I Wf5S} iit 9 ys 13 14 22% 40 46 
a 2 6.2 12 ue) Ong II EZ 2.6 38 39 
E 10 3 8.1 9 12 Gag 13 8 4-7 14 12 
=o 4 (Pe II II 6.1 12 si 4-3 22 12 
cal 5 6.4 21 16 5-4 13 6 Bas 27 14 
n 
Dn 
a I Bd 20 14 aoe 15 23 1.0 40 40 
2 BP tos 15 13 324 ra 9 x26 24 38 
5 a 3.6 9 15 250 14 II 1.6 39 43 
4 2) ts) 17 II 3.33 14 9 Tae 25 31 
5 Te 21 40 1.9 16 9 2 ae 34 26 
Control ° 75 63 ° 67 54 ° 58 | 44 
Temp. = 26° C. Temp. =22° C Temp. = 24° C 
I 8.8 21 Ee 2.8 54 57 Bes 18 33 
2 1a 18 7 Bas 26 65 ey 16 21 
20 3 sift 19 9 2.5 45 20 9-7 13 13 
4 1552 12 8 4.4 15 16 9.9 19 14 
5 LAiny vy) 18 6.6 13 18 4.3 21 24 
Ps = 
= I 6.4 32 16 reg 69 60 2.2 18 16 
5 2 yok} 19 12 2:2 64 66 eae) 12 21 
iS 10 2 6.6 24 20 ae 38 43 ie 13 37 
a 4 5.1 Lo 8 2.4 43 53 2.2 34 25 
a es 79 ; 13 gt ee 50 42 3G 55 24 
I Pet 38 47 Des 67 68 I. 7. 37 32 
2 2.0 34 as 1.8 60 66 1.4 23 32 
5 3 4.2 23 17 1.5 64 36 1.9 56 37 
4 S77 22 ay Ler 63 63 O07 77 48 
a 1.5 3r 32 0.3 63 41 1.5 57 54 
Control ro) 86 66 fo) 72 63 ° 59 62 


* 90% emergence not obtained because of rotting of seed-pieces. 


nee’ as pro gael 


4 Nw 
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for success, and although it is stated in the preceding paragraph that 
values below 3.5 cc. showed a high percentage of failure, even in this range 
shortening of the time for germination was obtained; thus, when the tem- 
perature was higher than 22° C. the range from 2.0 to 3.5 cc. of absorbed 
chlorhydrin showed average gains of 40 to 50 days over the time required 
for go per cent germination of control tubers; but at 22° amounts below 
3.0 cc. showed very little gain over the controls, either because of the 
natural shortening of the dormant period, as with Bliss Triumph (3rd 
week), or because of the ineffectiveness of the treatment with these small 
amounts of absorbed chemical, as with Irish Cobbler (2nd week). 


DURATION OF TREATMENT AND QUANTITY OF 
UNALTERED CHEMICAL IN TISSUE 


The quantity of chemical found unaltered in the tissue did not increase 
gradually from day to day as one might expect. The values in columns 4, 
7, and ro show surprisingly uniform amounts in the tissue for any given 
treatment whether the duration was one day or five. With the treatments 
at 26°and 27°C. approximately two-thirds of the available chemical had been 
taken up by the end of the second day, and consequently further large 
increases could not be expected. Another reason for not finding larger 
quantities of chemical in the tissue toward the end of the tests is that a 
continuous decomposition of the chemical was taking place, as shown in 
the reports of previous experiments (1, p. 177). This may explain why in 
some of the tests there was a falling off in the quantity of chemical found 
in the tissue on the fifth day of treatment, since probably nearly all of the 
available chemical had been absorbed by the tissue during the previous 
days, and the loss by decomposition of the chemical within the tissues 
could not be replaced by further accretions from the surrounding air. 

With treatments at 22° and 24° there was some evidence of increasing 
quantities of chemical in the tissues with increasing duration of treatment, 
particularly for treatments with the highest amount of chemical. But 
there was no evidence in these cases that extending the period of treat- 
ment would have been of importance for successful treatment. If about 
s cc. of o.1 M per 100 cc. of juice were not present in the tissue by about 
the third day, longer treatments were not effective. 


QUANTITY OF ETHYLENE CHLORHYDRIN ABSORBED BY 
CUT POTATO TISSUE IN DIP TREATMENTS 


These results, showing that whole tubers should take up about 8 to 
12 cc. of o.t M ethylene chlorhydrin in order to be in condition for sub- 
sequent germination, raised the question as to the amounts of chemical 
absorbed by the tissue in the ‘‘dip’’ treatments previously recommended 
(1, p. 161) for use with tubers that had been cut into pieces and which 
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were treated and planted at once after treatment. By this method the cut 
pieces (approximately 25 grams each) are dipped momentarily into a 
dilute solution of ethylene chlorhydrin and are then stored in a closed 
container for 24 hours before being planted. Previous experiments had 
shown that for the dipping solution in such treatments, 50 cc. of 40 per 
cent ethylene chlorhydrin made up to 1 liter with water represented 
approximately the optimum concentration, that roo cc. were the upper 
limit, that 25 cc. were the lower limit, and that 12.5 cc. produced a dipping 
solution that was too dilute. A test was made to find the quantity of 
ethylene chlorhydrin present in the press-juice from tissue treated in this 
way in order to compare with the results obtained from the whole-tuber 
tests. The results are shown in Table II. The tissue treated with the dip- 


TABLE II 


QUANTITY OF ETHYLENE CHLORHYDRIN IN Potato TISSUE AFTER TREATMENT 
BY THE ‘‘Dip’’ METHOD FOR CuT TUBERS 


Cc. of 40% ethylene chlor- 
hydrin used in the 
preparation of the 


Cc. of o.1 M ethylene chlor- 
hydrin per 100 cc. of juice 
from the tissue after 


dipping solution treatment 
100 16.2 
50 8.3 
25 4.3 
tens RE 


ping solution previously found to be optimum for sprouting (50 cc.) gave 
a press-juice with a titration value of 8.3 cc., and the upper and lower 
limits in this test were 16.2 cc. and 2.1 cc., respectively, values nearly 
identical with the values shown in Table I for the press-juices from the 
whole-tuber treatment. The whole-tuber and ‘‘dip’’ methods agree in in- 
dicating that potato tissue that has taken up sufficient ethylene chlor- 
hydrin to give a titration value of about ro ce. of o.t M ethylene chlor- 
hydrin per roo cc. of press-juice is in condition for subsequent germination. 


THE EFFECT OF TEMPERATURE 
The values in Table I show a considerable effect of the temperature 
prevailing during the treatment upon the absorption of the chemical and 
upon the subsequent growth. At 22° the amount and rate of absorption 
were both much reduced, and in many of the tests with the smaller 
amounts of chemical not enough chemical was taken up to get within the 


optimum range. Further experiments are needed on this phase of the 
problem. 


TREATMENTS DURING THE FIRST FEW DAYS AFTER HARVEST 
Although most of the tests were carried out upon tubers that had been 
harvested at least one week previous to treatment, a few lots were treated 
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within the first week interval after harvest. Tubers for these tests were 
from a late planted crop, harvested October 22 in an immature condition, 
the tubers being small and weighing 36 grams each. The treatments of 
Bliss Triumph tubers were started the day following harvest, and those 
for the Irish Cobblers on the fourth day after harvest. In both cases the 


TABLE III 
TREATMENTS OF Potato TUBERS DURING THE First FEW Days AFTER HARVEST 
Nocdags Temperature 
after har- Duration of : Days for 
Variety vest until treatment, During reese 90% 
treatment days estonia Pi rernrec ts emergence 
started 
ment 
Room 47 
Room 27° C, 35 
I 
° Room 40 
27° C. Dias 30 
Room 43 
. Room av C, 38 
Bliss Triumph I 2 
° Room he 
27 G& 27° (oS * 
Room 73 
Room Dee ACS 66 
Controls 
° Room 71 
27°C. 27 Ge 66 
Room ee Ae. 51 
I 27° (@ G3 47 
2 Room a iG) 
Ap Oe i oT 
Irish Cobbler 4 — 
4 Room - 24 
27° (e “ * 
Controls Room e 96 
7 : o4 


* 90% emergence not obtained because of rotting of seed-pieces. 


amount applied at the start of the treatment was 20 cc. of o.1 M ethylene 
chlorhydrin per 100 g. of tubers. Since previous tests (2, p. 129) had shown 
that freshly-harvested tubers were quite permeable to the chemical vapors 
the duration of the tests was reduced to not more than four days and to 
intervals as short as one day only. Treatments were made both at room 
temperature and at 27° C. After treatment the tubers were stored in paper 
bags at two different temperatures, room temperature and 27° C. The 
results are shown in Table III. 
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Treatments for periods as short as one and two days when applied even 
in this early period after harvest shortened the rest period by 26 to 79 days, 
as shown by comparing the treatment values in column 6 with those for 
the corresponding controls. Storage at 27° C. for a period of 10 days after 
treatment gave gains over room temperature storage for the same period, 
but a temperature of 27° C. during the period of treatment caused rotting 
of seed pieces if the duration was as long as two days for the Bliss Triumph 
or four days for the Irish Cobbler tubers. 

The cause of the injurious effect of the high temperature during the 
treatment period probably is to be found in the lack of oxygen resulting 
from the high respiration induced both by the chemical treatment (3) and 
by the high temperature itself. Lack of injurious effect by the high tem- 
perature during storage after treatment is probably related to the geod 
aeration furnished to the treated tubers after their removal from the con- 
tainers. 

Further experiments on tubers during the first few days after harvest 
with special attention to the amounts of ethylene chlorhydrin found in the 
press-juice from the treated tubers are needed in order to determine 
whether treatments can be made safely at this early period. 


SUGGESTIONS FOR LARGE SCALE TREATMENTS 


If the treatment is upon a scale sufficiently large to justify the em- 
ployment of a person with sufficient chemical training to carry out the 
titrations indicated in the section under ‘‘Methods,” the end-point of the 
treatment can be determined accurately, and considerable confidence may 
be had in the capacity of the treated tubers to germinate when planted 
later. In this case the room in which the treatment is applied need not be 
absolutely air-tight but should be sufficiently tight to permit the tubers 
to have a chance to absorb the chemical vapors. The chemical can be 
evaporated from burlap bags suspended in the room. For the start of the 
treatment the amount of chemical should be one quart of 40 per cent 
ethylene chlorhydrin (the usual commercial material) for each 12.5 bush- 
els of tubers. The room should be closed for two days if the average 
temperature for the period is 75° F. or more, or for three days if it is less 
than 75° F. Then the room should be opened, and thoroughly aired, after 
which a sample of at least 200 tubers should be taken for analysis, care 
being taken that this sample consists of tubers from various localities in 
the room. One lengthwise quarter of each of these tubers is taken for a 
combined sample, the tissue passed through a food-grinder, and juice 
squeezed out by putting the ground tissue in a cheesecloth bag, and 
twisting. A sample of roo to 200 ce. of juice is taken for the distillation 
as shown in the paragraph under ‘‘Methods.”’ If the titration value is 8 
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cc. of o.t M per 100 cc. juice or more, the treatment is completed. If the 
value is less than this another treatment for one or two days should be 
applied in the same way, using one quart to each 12.5 bushels of tubers 
if the value was less than 5 cc., and one quart to each 25 bushels if the 
value was between 5 and 8 cc. Another sample and another distillation 
will show whether the proper amount of chemical has been absorbed. If 
the final value is more than 15 cc. the tubers should be distributed in such 
a manner as to give good aeration, and should be held for observation for 
about to days in order to see whether injury to the tubers has occurred. 

Previous tests (1, p. 167) haveshown that it is undesirable that tubers 
treated in this way be planted at once after the treatment. More favorable 
results are obtained if the planting is delayed about four days. The intact 
tubers stored in air show initiation of sprouts in about one week. The pres- 
ent tests show that not much time was lost if the tubers were not cut and 
planted until two weeks after treatment. 

The vapors of ethylene chlorhydrin are poisonous if breathed in high 
concentration for extended periods, but under the conditions described 
in this article the amount of vapor in the room at the end of the treat- 
ment after aeration will be small, and the removal of tubers from the 
room can be arranged so that prolonged breathing of vapors can be 
avoided. 

If the treatment is not upon a scale justifying the employment of a 
chemist for the titration referred to under ‘‘Methods,”’ the end-point of 
the treatment cannot be determined with such dependability. Neverthe- 
less, the tests indicate the approximate conditions for the treatments. 
At average temperatures of 75° F. to 80° F. use one quart of 40 per cent 
ethylene chlorhydrin for each 12.5 bushels of tubers and maintain the con- 
tact for three days; at temperatures of 70° F. to 75° F. use one quart for 
each 9 bushels of tubers and maintain the contact for five days. 

These suggestions apply to tubers in the period one to three weeks after 
harvest from vines just dead at the time of harvest. As for the treatment 
of tubers within the first week after harvest, or for treatments at tempera- 
tures above 80° F. or below 70° F., not enough information has been ob- 
tained to justify a recommendation. 


SUMMARY 


Tubers of two varieties of potatoes (Solanum tuberosum L.), at inter- 
vals of one, two, and three weeks after harvest, at temperatures of 22° 
to 27° C. were treated with varying amounts of ethylene chlorhydrin 
(CH2.CICH:OH) for periods of one to five days. Samples of tubers at the 
end of each treatment were taken for obtaining press-juice to show the 
amount of ethylene chlorhydrin present in the tissue. The sprouting re- 
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sponse of samples from each lot was compared with the corresponding 
amount of absorbed ethylene chlorhydrin and with the experimental con- 
ditions leading to the absorption of that amount of chemical. 

The results show that the quantity of ethylene chlorhydrin that had 
been absorbed by the tissue was a dependable indicator of subsequent 
sprouting; that when about 8 to 12 cc. of 0.1 M ethylene chlorhydrin per 
100 cc. of press-juice were found in the tubers at the end of a treatment 
such tubers gave a successful growth response (go per cent emergence 
within about 30 days from planting) whatever the temperature during 
the treatment, whether the treatment lasted one day or five, and whether 
the treatment was applied at the first, second, or third week after har- 
vest; and further, that favorable responses were usually obtained when 
the amounts of absorbed ethylene chlorhydrin were as low as 5 cc. and as 
high as 15 cc. of 0.1 M. 

A procedure is suggested for large scale treatments of dormant tubers. 
It is based on the removal of samples of tubers at intervals after the start 
of the treatment, obtaining press-juice, distilling the juice, and deter- 
mining the absorbed ethylene chlorhydrin by titration. In this way the 
time at which the tubers have been brought into condition for subsequent 
sprouting may be determined. 

For the treatment of tuber quantities too small to justify the use of 
the distillation procedure, suggestions are made as to the amount of 
chemical to be applied and the duration of the treatment at different 
temperatures. 
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PROSE ALASE ACTIVITY<OF THESIUICE OF 
PLANT TISSUE FOLLOWING TREATMENT 
WITH mt HYLENE: CHLOROHYDRIN! 


Joun D. GUTHRIE 


Since ethylene chlorohydrin has been shown to have such a marked 
effect on the catalase, peroxidase, and dehydrogenase content of re- 
cently-harvested potato tubers (2) it is planned to extend the investigation 
to other enzymes. Attention was directed to phosphatase by two conflict- 
ing papers that appeared about the same time. One by Ignatieff and 
Wasteneys (3) reported very low values for phosphatase in potato tubers, 
while the other by Pfankuch (4) reported high values. The first step in 
the present investigation was to compare the procedures used by these 
workers. It was found that this did not account for the widely different 
results. For example: Ignatieff and Wasteneys peeled the tubers and 
worked on dried tissue, but it was found that drying did not destroy the 
phosphatase nor did peeling have much effect. They also used mother- 
tubers, but experiments showed that these contained about as much 
phosphatase as other tubers from the same lot. The results obtained in 
the present work show that potato tubers contain phosphatase, but the 
values obtained range from 25 to 65 PE per cc., which is lower than the 
range of 100 to 200 PE per cc. given by Pfankuch. It appears that potato 
tubers vary widely in phosphatase content and that this explains the 
conflicting results cited above. 

Ethylene chlorohydrin treatments were found to decrease the phos- 
phatase activity of the juice of whole, freshly-harvested potato tubers, 
and this was found to be due to the formation of an inhibiting substance 
which was removable by dialysis. This inhibitor may be of some interest 
because of the work of Thannhauser, Reichel, Grattan, and Maddock (5) 
who have called attention to the importance of inhibitors of phosphatase 
in the treatment of Paget’s disease. The effect of ethylene chlorohydrin on 
the phosphatase activity of the juice of gladiolus corms and of Jerusalem 
artichokes was also investigated, but no inhibition was found. 


METHODS AND RESULTS 


In general, phosphatase was determined by the procedure used by 
Pfankuch (4), except that Briggs’ reagents (1) were used in the deter- 
mination of the phosphate liberated by the enzyme, rather than the 
sodium sulphite, aminonaphtholsulphonic acid, potassium metabisulphite 


1 Herman Frasch Foundation for Research in Agricultural Chemistry, Paper No. 164, 
Copyright, 1938, by Boyce Thompson Institute for Plant Research, Inc, 
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mixture. The Briggs reagents were more stable and gave a more stable 
color. In several experiments the reagents were compared and essentially 
the same phosphatase values obtained. The juice was from unpeeled 
tissue, but where cut pieces were used, the callus was removed in a thin 
layer. Potato juice was usually diluted one-fifth and 2 cc. of the diluted 
juice added to ro cc. of the substrate in a bath at 30° C. After one hour ro 
cc. of 6 per cent trichloroacetic acid was added to stop the reaction and 
the solution filtered. Two cc. aliquots were placed in 25 cc. volumetric 
flasks, 10 cc. water and 2 cc. of the three Briggs reagents added in proper 
order. These reagents are: (1) 5 per cent ammonium molybdate in 5 N 
H.SO,; (2) 1 per cent hydroquinone plus one drop H2SO,; (3) 20 per cent 
sodium sulphite. At the same time standards were prepared containing 
from 0.05 to o.2 mg. phosphate phosphorus and the determinations com- 
pared colorimetrically with these after standing at least one-half hour. The 
substrate was prepared by mixing 11 g. sodium-6-glycerophosphate, 189 
cc. H,O and 24 cc. N/1 HCl. The pH was 5.75. The results were calcu- 
lated to PE (Phosphataseeinheit), which is the amount of phosphatase 
yielding 0.1 mg. of phosphate phosphorus from sodium-6-glycerophosphate 
in one hour. 

The effect of ethylene chlorohydrin on the phosphatase content of 
potato tubers (Solanum tuberosum L.), gladiolus corms (Gladiolus sp. var. 
Alice Tiplady) and Jerusalem artichoke tubers (/Telianthus tuberosus L.) 
is shown in Table I. In the case of the vapor method, whole tubers were 


treated with 3 cc. of 40 per cent ethylene chlorohydrin per kg. for 24 


hours in containers half-filled with tubers. In the dip method, cut pieces 
were dipped in ethylene chlorohydrin, 40 cc. of 40 per cent per liter 
and stored in a closed container for 24 hours. The Jerusalem artichokes 
were also treated by the dip method. The gladiolus corms were treated 
with 1 cc. of 40 per cent ethylene chlorohydrin per too g. of corms for 4 
days. The check sample was kept in a closed container for 4 days. The 
potatoes used were second crop Irish Cobbler tubers harvested in New 
Jersey a few weeks before treatment and new Bliss Triumph tubers from 
Florida. The gladiolus corms and Jerusalem artichoke tubers were from 
the Institute garden. It will be seen that whole tubers showed a larger and 
quicker decrease in phosphatase than cut tubers. In the case of the experi- 
nent with Bliss Triumph tubers the decrease in phosphatase was small. 
Table I also shows that a small increase in phosphatase resulted from 
ethylene chlorohydrin treatments of gladiolus corms and Jerusalem 
artichokes. 

In order to check further the inhibition of phosphatase by ethylene 
chlorohydrin treatments and to see if this was due to an actual decrease 
in the enzyme or to the formation of an inhibiting substance, dialysis of 
the juice was tried. The juice, 20 cc., was dialyzed for three hours against 
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TABLE I 


EFFECT OF ETHYLENE CHLOROHYDRIN ON THE PHOSPHATASE CONTENT OF PoTATO TUBERS, 
GLADIOLUS CoRMS, AND JERUSALEM ARTICHOKE TUBERS 


Condition of | Days Phosphatase in 
Material used Method of tubers or after PE per cc. juice 
treatment corms after (eat 
7 treatment ment | Treated | Check 
3 a) 50 
Whole Q 36 5 
ite) 30 52 
: 13 13 44 
Vapor 
3 52 57 
Potato tubers, Irish Cobbler Gut ° 52 5? 
10 48 56 
a 30 a2 
: Ae 45 
4 45 
Dip Cut a Wi 48 
13 36 43 
Potato tubers, Irish Cobbler Vapor Whole 5 37 52 
Potato tubers, Irish Cobbler Vapor Whole - 5? 58 
7 14 47 
Potato tubers, Bliss Triumph Vapor Whole ig 27 34 
Gladiolus corms, var. Alice ; 7 6 55 47 
Tiplady Vapor Whole ae 76 =o 
Jerusalem artichoke tubers, ; 3 55 54 
red variety Dip Cut ° G2 53 
ing 604 51 
: 8 58 
Jerusalem artichoke tubers, : 3 > 
white variety DD ou 2 a9 57 
’ re 67 52 


running tap water and then diluted to roo cc. The juice that had not been 
dialyzed was also diluted 20 cc. to 100 cc. Phosphatase was determined on 
2 cc. of the diluted juice. The potatoes used were new, second crop, Irish 
Cobbler tubers from New Jersey, old Irish Cobbler tubers from the local 
market, and new Bliss Triumph tubers from Florida. They were treated 
by the vapor method, 3 cc. of 40 per cent ethylene chlorohydrin per kg. 
for 24 hours. The results given in Table II show that with the exception 
of the old tubers, the treatments brought about a decrease in the phos- 
phatase activity of the juice. Dialysis of juices showing this decrease al- 
ways increased the phosphatase activity, and frequently raised to it the 
level of the juice of untreated tubers. The results show that the decrease 
in phosphatase activity following treatment with ethylene chlorohydrin 
is due to the formation of an inhibiting substance which can be removed 
by dialysis. The boiled, filtered juice of treated tubers had no inhibiting 
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TABLE II 


EFFECT OF DIALYSIS ON THE PHOSPHATASE OF THE JUICE OF ETHYLENE 
CHLOROHYDRIN TREATED POTATO TUBERS 


Phosphatase in PE per cc. juice 
Davs after a 4 
Tubers used i reatniene Not dialyzed Dialyzed 
Treated Check Treated Check 
5 31 5° 48 49 
II 34 50 44 47 
19 24 48 29 48 
Irish Cobbler, new —_——_—- 

I 59 66 56 64 
2 61 65 60 66 
7 34 52 47 50 
Irish Cobbler, old 8 24 27 23 | 25 
Bliss Triumph fs 21 40 EY 38 


action on the phosphatase activity of the juice of untreated tubers nor on 
dialyzed juice of untreated tubers. This indicates that the inhibiting sub- 
stance is destroyed or removed by boiling the juice and filtering out the 
coagulated proteins. In some experiments in which the tubers were given 
anaerobic conditions by covering with paraffin or placing in nitrogen, a 
large decrease in phosphatase was observed. In this case, however, dialy- 
sis did not restore the phosphatase activity. The boiled, filtered juice had 
no inactivating effect. 

Ethylene chlorohydrin, ethylene glycol, glycerol, ethyl alcohol, acetal- 
dehyde and glutathione had no effect on the phosphatase activity of the 
juice of untreated tubers. Glutathione was tried under a variety of condi- 
tions since Thannhauser, Reichel, Grattan, and Maddock (5) have shown 
that it inactivates serum phosphatase. Pfankuch (4) has pointed out that 
glutathione does not inactivate potato phosphatase which has a pH opti- 
mum of 5.85, while it does inactivate serum phosphatase the optimum of 
which is about pH 8.9. 

During the course of the investigation the phosphatase content of the 
juice of some other plants has been determined. The results, expressed as 
PE per cc., are as follows: tomato (Lycopersicon esculentum Mill.) leaves 
20, stems 17; bean (Phaseolus vulgaris L.) leaves 194, stems 79; tobacco 
(Nicotiana tabacum L.) leaves 34, stems 17; potato (Solanum tuberosum L.) 
leaves 37, stems 31. The high value for bean is in agreement with the 
results of Ignatieff and Wasteneys (3). 


SUMMARY 


The phosphatase activity of the juice of whole, recently-harvested 
potato tubers treated with ethylene chlorohydrin was lower than that of 


->_ 
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control tubers. This was due to the presence of an inhibiting substance in 
the treated juice which could be removed by dialysis. Small increases in 
phosphatase activity of the juice of gladiolus corms and Jerusalem arti- 
choke tubers were observed following treatment with ethylene chlorohydrin. 
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TROPIC RESPONSES OF LEAFY PLANTS IN- 
DUCED* BY APPLICATION-OF 
GROWTH SUBSTANCES 


P. W. ZIMMERMAN AND A. E. HitcHcock 


The results of recent experiments indicate that synthetic growth sub- 
stances applied to tips or bases of leafy shoots were unequally distributed 
through the stems and leaves according to the relative position of these 
organs to gravity. The direction and degree of induced bending (negative 
or positive geotropism) of stems placed in a horizontal position were de- 
pendent upon the concentration of the applied growth substance. Meas- 
urements by means of surface markings indicated that growth was ac- 
celerated regardless of whether the stem showed a negative or positive 
geotropic response. The present concepts of tropisms do not afford a satis- 
factory explanation for all of these induced geotropic responses. 

Under normal conditions the organs of a plant maintain a certain 
position of equilibrium with respect to the earth. When the organs are 
shifted away from the normal relative position or exposed to one-sided 
illumination, curvatures appear. Such responses are known as geotropic 
when caused by gravity and phototropic when caused by light. Bending is 
probably due to unequal rates of growth on the two sides of the organ, 
the slow-growing side becoming the concave and the more rapidly grow- 
ing the convex side. The cause of the different rates of growth on the two 
sides of a stem has been the subject of many scientific investigations ex- 
tending back to the 17th century. Many controversial views were held 
before the modern growth substance concepts were established. In order 
to present a brief historical picture, a few of the outstanding contributions 
from the time of Darwin are cited. 

Darwin (15) in 1881 showed that the coleoptiles of Phalaris and Avena 
curved toward the light and that when only the tip was unilaterally il- 
luminated the influence traveled downward. When the tip was shaded 
the remaining stump was unable to make a phototropic response. This 
definitely showed that the tip of the coleoptile was a place of great im- 
portance in connection with phototropic curvatures in plants, though 
Darwin did not recognize the influence as of a chemical nature. 

The beginning of the chemical substance idea with proof to support 
it goes back to 1907 when Boysen-Jensen (2, 3, 4) started his classic ex- 
periments to show that the stimulus (chemical substance) could cross a 
discontinuity in the coleoptile of Avena. He found that when excised 
coleoptile tips were replaced on the stump with a layer of gelatin, photo- 
tropic curvatures resulted after unilateral illumination of the tip as with 
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normal coleoptiles. That is, a substance which was formed in the tip 
drained into the gelatin and then diffused through this non-living material 
into the stump where it accelerated growth on the dark side, causing 
bending toward the lighted side. Boysen-Jensen also showed that he could 
intercept the substance by inserting a small piece of mica into the coleop- 
tile. If the mica was inserted on the illuminated side, phototropic curva- 
ture occurred normally; if inserted on the dark side, very little or no bend- 
ing occurred. Similar experiments were performed with geotropically 
stimulated coleoptiles. If the horizontally placed organs had mica inserted 
on the upper side of the tip, negative geotropism resulted as in normal 
coleoptiles; if the mica was inserted on the lower side, little or no bending 
occurred. The interpretation which Boysen-Jensen put upon the results of 
these experiments was that the stimulus originating in the tip was of a 
chemical nature rather than physical and that it acted in regulating 
growth. He thought there was an increased transmission of the growth- 
promoting substance on the dark side, a view which is still tenable. Due 
to the importance of the subject and the adverse views (Went and Thi- 
mann 37, p. 11) of the interpretations which Boysen-Jensen put upon the 
results of his experiments, it is deemed advisable to quote an entire para- 
graph from one of his early publications (3, p. 24): “‘Si je rappelle ces ex- 
périences, c’est parce qu'il me semble que mes expériences sur la transmis- 
sion de l’irritation dans le coléoptile de l’avoine rendent vraisemblable 
que dans ce cas la transmission de l’irritation est de nature matérielle 
produite par des changements de concentration dans la pointe du coléop- 
tile. En tous cas il me parait qu’il faut laisser de cété l’hypothése d’aprés 
laquelle la transmission d’irritation dans |’avoine serait di a des causes 
physiques (changements de pression, etc.), ce qui est peut-étre le cas pour 
le mimosa; en effet nous avons vu que l'irritation peut se transmettre a 
travers une incision pratiquée dans le coléoptile. Par contre diverses rai- 
sons font penser que la transmission de l’irritation est de nature chimique. 
Comme on s’en souvient, la condition due passage de la transmission 4 
travers une incision était que les lévres de la blessure fussent maintenues 
humides et serrées l’une contre l'autre, de facon 4 favoriser autant que 
possible une transmission de substance ou d’ions 4 travers l’incision. 
Autre raison: on n’a jamais pu constater de transmission de l'irritation a 
travers une incision lorsque les plantes d'expérience se trouvaient sous 
eau. L’eau doit étre en état d’empécher cette transmission, ce qui ne 
peut s’expliquer que dans I’hypothése ot la transmission de l’irritation 
serait di & une migration de substance ou d’ions, qui se diffusent dans 
eau et ne peuvent plus agir.’’ This shows that Boysen-Jensen actually 
realized that chemical substances were involved in tropic responses and 
thus the groundwork for the modern plant hormone concept was laid. 
Paal (25, 26) during rorq to ror8 confirmed Boysen-Jensen’s results 
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and further showed that if an excised coleoptile tip was replaced on one 
side of the stump, growth was accelerated on that side, resulting in curva- 
ture. For this response no special stimulation of the tip was necessary, 
thus showing that the tip also in the dark was continually making the 
growth hormone. Paal also demonstrated that the stimulus passed through 
an interposed gelatinous membrane o.1 mm. in thickness between the 
tip and the stump of the coleoptile. He concluded from his experiments 
that the transmission of the phototropic stimulus was brought about by 
means of a diffusible substance (26, p. 431). 

Stark (34) in 1921 made the next big advance by investigating the 
transmission of phototropic, traumatotropic (33), and haptotropic stim- 
uli. He expressed the sap from coleoptiles and mixed it with agar. Out of 
the agar plate, blocks were cut and placed unilaterally on decapitated 
coleoptiles. A substance drained out of the block into one side of the 
coleoptile, retarding growth and causing curvature. 

Seubert (30) in 1925 extended the experiments of Stark by infiltrating 
agar with substances of both plant and animal sources—diastase, malt 
extract, saliva, etc.—demonstrating the existence of both accelerating 
and inhibiting substances. 

Purdy (27) [1920-1921 while a fellow of the American-Scandinavian 
Foundation working in the plant physiology laboratory of the University 
of Copenhagen] repeated and confirmed the essential results of Boysen- 
Jensen. The work was concerned especially with the path of transmission 
of the stimulus. To show how nearly the early ideas and theories paralleled 
present day conclusions the following passage is quoted from Purdy’s 
publication (27, p. 27): ‘‘Since the most probable theory at the present 
time is the migration one, let us attempt on this ground to interpret briefly 
the results of the foregoing experiments. To produce a curvature a differ- 
ence must exist not between the front and back of each cell but between 
the front and back of the unilaterally illuminated tip as a whole. This con- 
dition may be brought about by an unequal concentration of one or more 
substances. Furthermore it may be presumed that this difference is main- 
tained by transmission of the stimulus to the base of the coleoptile. Only 
under these circumstances is it possible to conceive of a phototropic or 
geotropic curvature taking place.”’ 

Séding (32) in 1925 showed that in decapitated coleoptiles the growth 
was diminished but increased again when the tip was replaced. 

Cholodny (10, 11, 12) from 1924 to 1927 promoted the idea of dis- 
placement or unequal distribution of growth substances in phototropically 
or geotropically stimulated organs. The results of his experiments sup- 
ported his theory that geotropic bending of shoots is due to redistribu- 
tion of natural hormones in favor of the lower side of the organ. Growth 
being stimulated on that side caused negative geotropic curvature. Photo- 
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tropic curvature is due to migration of the substance to the dark side of 
the stem. Geotropic stimulation of roots caused the same unequal dis- 
tribution of hormones as in shoots but the different direction of growth 
was due to the fact that hormones retard the rate of growth of roots. 
Cholodny’s experiments supported the theories for both roots and shoots. 

Went (35, 36) in 1928 demonstrated that it was not necessary to ex- 
press the sap from the coleoptile to collect the hormone in agar; if al- 
lowed to stand with the cut surface on agar the substance would drain 
from the excised tip into the agar. The imbibed agar could then be used as 
in the experiments of Stark and Seubert. The method of Went proved 
useful in a number of ways and led to the biological test for quantitative 
determination of natural substances. Since the degree of curvature in- 
duced in coleoptile stumps varied with the concentration of substance in 
the agar blocks, it became possible to determine the comparative amounts 
of substance produced by different plants or parts of plants under varying 
conditions. The method has been adapted also for quantitative assay of 
activity of synthetic substances and hormones. Using this method Went 
(36) detected more growth substance on the dark side of a unilaterally 
lighted coleoptile tip than on the illuminated side. 

Dolk (17) in 1929 found that an excised coleoptile tip placed in a hori- 
zontal position with the cut surface in contact with two agar blocks 
(above and below) yielded more hormone to the lower block than the 
upper. Also, in a cylindrical segment of a coleoptile, placed in a horizontal 
position and treated on the apical end with agar containing the hormone, 
the substance was transported to the basal end. When it was collected there 
in two blocks (upper and lower) of agar, the lower block yielded more 
hormone than the upper, but the total amount remained the same. The 
results of these experiments showed definitely that there was unequal 
displacement of the active substance in the coleoptile tissue under geo- 
tropic stimulation. 

Boysen-Jensen (5) in 1933 made another important advance by prov- 
ing that root tips produce growth-promoting substance and that when 
they are placed in a horizontal position more of the hormone is given off 
from the lower than the upper side of the excised tip. 

For further reviews of the literature reference should be made to a 
survey of the field and citations in Boysen-Jensen’s recent publication 
(6, 7) or reviews by Jost (21), or Schlenker (28). 

The present paper is concerned with natural and induced tropic re- 
sponses of plants. Three of the most effective synthetic growth sub- 
stances were administered in various ways to intact plants, excised 
shoots, and plants with tops removed while oriented other than in their 
normal equilibrium position. Regardless of whether the substances were 
applied to the roots, the tips, or basal ends of excised shoots, the final 
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results were similar. There was some evidence that the synthetic growth- 
promoting substances were unequally distributed in the tissues when the 
shoots were placed in the horizontal position as reported for natural 
hormones. Low concentrations accelerated negative geotropic responses, 
while higher concentrations induced positive (toward the earth) bending. 
Plants left in the dark several days lost their capacity to right themselves 
when oriented in a horizontal position. They regained the power to re- 
spond to gravity when treated with solutions of the growth substances. 
Surface measurements of the rates of growth made during natural and 
induced tropic responses showed that growth occurred in all treated 
shoots regardless of their response to gravity. Time-lapse motion pictures 
were used to record and study the natural and induced responses while 
the plants were upright or oriented in a horizontal or an inverted position. 


MATERIAL AND METHODS 


Five species of plants were used in the experiments as follows: tomato 
(Lycopersicon esculentum Mill.), Klondike cosmos (Cosmos sulfureus Cav.), 
African marigold (7 agetes erecta L.), sunflower (/elianthus debilis Nutt.), 
and tobacco (Nicotiana tabacum L. var. Turkish). In general the tomato 
plants were the most satisfactory because they were uniform and easy to 
grow in large numbers. 

Intact plants in pots were treated while upright, inverted, or in a 
horizontal position. Water solutions were applied to the soil while the 
plants were upright. After the solutions had gone into the soil the plants 
were oriented as desired. 

When lanolin preparations were used, the intact plants were placed in 
a horizontal position and the substance was applied around the stem to 
a zone an inch wide at the tip, near the middle, or at the base of the stem. 

Tips were removed from potted plants and water solutions of the 
substances were applied through glass tubes attached to the stump with 
rubber tubing. For treatment of horizontal stems the glass tubes were 
bent L-shaped so the solution could be kept in contact with the cut sur- 
face of the stump. U-shaped tubes were used for inverted plants and 
straight tubes for upright plants. 

The majority of the experiments were conducted with severed leafy 
shoots four to six inches in length. The solutions were applied at the base 
through glass tubes when the shoots were horizontal or inverted. In many 
experiments the upright, horizontal, and inverted shoots were connected 
to the same reservoir containing the solution, as shown by Figure 1. 

The growth substances, a-naphthaleneacetic acid, B-indoleacetic acid, 
and y-indolebutyric acid were manufactured and supplied by Merck & Co. 
Inc., Rahway, New Jersey. The concentrations of the substances employed 
in the experiments are given under ‘‘Experimental Results.”’ 
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FiGure 1. The effect of the relative position of the shoot with reference to gravity 


uring treatment with water solutions of naphthaleneaceti« 


Concentrations are as 
follows (left to right): controls: 0.1 mg./l.; 1.0 mg./l.; 10.0 mg./I. A. The appearance of 
the shoots at 


later. Note 


note ch 


the beginning of the experiment. B. The appearance of the plants 24 hours 


f inverted shoots, Also 
auging geotropism of horizontal stems with increasing concentration 


the epinasty of leaves of upright shoots and hyponasty o 
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Motion pictures were made of plants while under treatment with 
automatic cinema equipment. Exposures were made at the rate of about 
six per minute. When shown on the screen, the speed was approximately 
160 times normal. In some cases the pictures were taken over a 24-hour 
period. The best pictures were taken at the rate of six per minute over 
a five-hour period. 


EXPERIMENTAL RESULTS 


Plants were treated with the substances while the shoots were in a 
horizontal position, in the normal upright position, or while inverted 
(40). A method for treating excised shoots is illustrated in Figure 1. Due 
to the variation in the nature of the response according to the position 
of the shoots it is necessary to describe the results separately for each 
group. Though five different species were used in the experiments, the 
results given apply to tomato unless otherwise stated. 

Horizontal stems. Four different methods were employed for studying 
tropic responses of stems placed in a horizontal position as follows: Water 
solutions of growth substances applied to the basal end of excised shoots; 
water solutions applied to soil in which the roots of intact plants were 
growing, water solutions applied to top of the stump after an inch or more 
of the tip was removed; and lanolin preparations applied around a short 
portion of the stem at various places from tip to base. 

Excised shoots of tomato, cosmos, sunflower, tobacco, and marigold 
were treated with water solutions as shown in Figure 1. The three chemi- 
cals, naphthaleneacetic acid, indolebutyric acid, and indoleacetic acid, 
induced similar responses though there was considerable variation in con- 
centrations required to bring about a given degree of bending. For the 
two indole compounds a range of concentrations from 0.1 mg. to 100.0 mg. 
per-liter of water induced any of the responses described. A more narrow 
range (o.1 to 10 mg./I.) served for naphthaleneacetic acid. At the lower 
concentrations treated stems showed negative geotropic response similar 
to water controls, though the substance appeared to accelerate the rate 
of growth. The higher concentrations induced positive geotropism. At 
some point between the two extremes there was a concentration that 
caused the stem to continue growing in a horizontal position. The exact 
concentration requirements varied somewhat with the condition of the 
plants. Light conditions prior to treatment were especially effective in 
modifying the capacity of the plant to respond (20, 39). The pictures of 
horizontal stems in Figure 1 illustrate the three types of response induced 
with naphthaleneacetic acid. 

A total of more than rooo stems have been treated in the course of 
these experiments to study induced tropisms under a variety of condi- 
tions. Typical sets of results are shown in Tables I and II. 
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Geotropic bending is assumed to be due to variation in the rate of 
growth on upper and lower sides of the stem. In order to determine the 
relative growth rates the two sides were stamped with a marker having 


TABLE I 


CoMPARATIVE GrowTH RATES ON UprpER AND LOWER SIDE OF STEMS WHEN SEVERED 
Tomato SHoots WERE PLACED IN A HorIzZONTAL PosITION AND TREATED AT BASE WITH 
WATER SOLUTIONS OF INDOLEACETIC AciD. NEGATIVE BENDING (AWAY FROM THE EARTH) 
INDICATED BY THE Minus (—) SIGN; STRAIGHT GROWTH BY ZERO (0) AND POSITIVE BEND- 
ING BY THE Pius (+) SIGN. MEASUREMENTS WERE Mabe BY MEANS OF SURFACE 
MARKINGS. READINGS WERE TAKEN 18 Hours AFTER THE 
EXPERIMENTS STARTED 


ion. Degree of Percentage increase on the two sides 
mg./I. curvature Upper Lower 
Control = ie) 6.1 eo 
: = (8/8) 4-5 224 
: is 6.8 19-5 
: — go 4.8 14.6 
— 90 ye 15-9 
Average = ihe, S23 18.2 
TO = se) Fa 21.6 
L.0 — 100 8.5 2205 
1.0 — 50 16.3 25-3 
3.0 =e 17.3 22.7 
Average 103 Pane 23.2 
5.0 ° 25 ak 24.6 
5.0 ° 18.6 18.4 
5.0 = 17.1 21.8 
5.0 ° Teed 17.8 
ThA) ° 28.2 26.7 
Average = 1 20.8 21.9 
10.0 As 34. 18.2 
50.0 + 60 roi 10.2 
50.0 + 60 29.6 RO. 
100.0 + 60 20.0 ESAS 
Average + 56 24.9 17.8 


three millimeter spaces between the lines, and then measurements were 
made at various intervals after treatments. Considerable growth occurred 
in four hours. A pronounced response occurred in 24 hours. The figures 
showing the results of the measurements (Tables I and II) indicate that 
growth occurred on both sides of geotropically stimulated stems but the 
-convex side elongated more than the concave side. Stems that remained 
in a horizontal position grew at approximately the same rate on all sides 
of the stem. In all cases where curvatures occurred the total growth of 
both sides of the controls was less than that of treated stems. Where 
straight, horizontal growth occurred, the average growth of both sides 
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was greater than the average growth of both sides of the controls. Treated 
shoots which showed negative geotropism grew considerably more on the 
upper side than corresponding controls. Also, shoots that were induced 


TABLE II 


COMPARATIVE GROWTH RaTEs ON Upper AND LoWER SIDE OF STEMS WHEN SEVERED 
ToMAtTo SHOOTS WERE PLACED IN A HorIzoNTAL POSITION AND TREATED AT BASE WITH 
WATER SOLUTIONS OF NAPHTHALENEACETIC AcID. NEGATIVE BENDING (AWAY FROM THE 
EARTH) INDICATED BY THE Minus (—) SIGN; STRAIGHT GROWTH BY ZERO (0) AND POSITIVE 
BENDING BY THE Pius (+) SIGN. MEASUREMENTS WERE MaApE BY MEANS OF SURFACE 
MARKINGS. READINGS WERE TAKEN 18 Hours AFTER THE EXPERIMENTS STARTED 


eoetccuion Dancer Percentage increase on the two sides 

mg./1. curvature Upper Lower 
Control = eis © Ese) 
Control = © C ee 
Average eos © 15.8 

O.1 =) 59 4-3 75-3 
O.1 | =! 80 we say 
Average = (5 6.3 lke 

0.5 = ie Ore see 
aie aE 6.6 Daas) 
Average 55 (oe Be 

I.o | ° 5-5 Toa 
I.o fe) 6.3 rs 7 
Average ° BSG) ied 

ae + 45 Zone nae 
5.0 7130 £3 20 G98 
Average Sena 18.2 sn 

10.0 1-85 Lee a 
10.0 amu’: 23 .6 Bee 
Average We he: 40% fee 


to bend toward the earth showed more growth on the concave side than 
the controls. 

Stems placed in a horizontal position and left until they showed slight 
negative geotropism were then turned through 180° so that the upper 
side of the stem became the lower side. The final bending of these plants 
was considerably less than that of controls which were not turned. The 
stems that were turned at intervals of two and four hours for a period of 
eight hours, and finally left without further disturbance, showed much 
less negative geotropism than normal plants. Measurements by means of 
surface markings indicated that both sides of the stem had been stimu- 
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lated (Tables V and VI). The convex side of controls which had not been 
turned after being placed in a horizontal position showed practically no 
change in 24 hours. Plants that were turned at intervals for eight hours and 
then left in a horizontal position showed negative geotropism near the 
tips within 24 hours. Eventually the older parts also showed considerable 
negative bending. Plants that were turned daily for four days showed as 
much as 77.8 per cent increase in length at the most active nine-milli- 
meter region. The most active region was usually within ro centimeters of 
the growing tip. The figures in Tables V and VI show that both sides con- 
tinued to grow though repeatedly turned for geotropic stimulation. 

Plants placed in a horizontal position and then treated along the upper 
side of the stem with lanolin preparations of growth substances were in- 
duced to bend downward through a go° are (39). However, plants that 
were allowed to make a pronounced negative geotropic response before the 
lanolin preparations were applied to the upper side of the stem, returned 
only to the horizontal position. Failure to bend downward as in the first 
case was due to growth on both sides of the stem. The lower side of the 
geotropically stimulated stem continued to grow after the upper (concave) 
side was treated. Measurements by means of surface markings showed that 
the total growth in 22 hours was approximately the same on both sides of 
the stem, though only the upper side had been treated with the lanolin 
preparation. 

Intact potted plants with substances added to the soil responded as 
described for leafy shoots but higher concentrations were required. A range 
of 1 to 20 mg. of naphthaleneacetic and indoleacetic acid was used per pot. 
As much as 50 mg. of indolebutyric acid were used. The substance was 
dissolved in 50 cc. of water and the solution was poured over the soil (20). 
As soon as the liquid went into the soil the plants were placed so that the 
stems were in a horizontal position. Responses were apparent within one 
hour after the plants were treated. As with excised shoots, intact plants 
showed movement earlier in treated lots than in the controls. This fact 
was easily shown with time-lapse motion pictures taken at the rate of six 
exposures per minute. 

Another experiment involving potted plants with tops removed was 
planned to determine the effect of substances applied at the apical end of 
the stump. Water solutions were applied to the cut surface through glass 
tubes coupled to the stem with rubber tubing. Here again the responses 
were approximately the same as where the substances were applied to the 
basal end of excised shoots or to the root system of intact plants. It was 
necessary, however, to use higher concentrations to induce positive geo- 
tropism than were employed for the excised leafy shoots (Fig. 2). Naph- 
thaleneacetic acid was more effective for inducing positive geotropism 
than indoleacetic acid and the latter was more effective than indolebutyric 


1938] ZIMMERMAN & HITCHCOCK—TROPIC RESPONSES 309 


FiGuRE 2. Tomato plants with tips removed and treated at top w ith water solutions, by 
means of glass tubes while horizontal. A. Naphthaleneacetic acid series (left to right): 
control; 25 mg./l.; 50 mg./I.; 300 mg./l. B. Indoleacetic acid series (left to right): control; 
50 mg./l.; 100 mg./I.; 300 mg./l. Both A and B photographed after 24 hours. C. Control 
(left) and treated with naphthaleneacetic acid 50 mg./l. D. Control (left) and treated with 
indoleacetic acid 300 mg./]. Both C and D photographed after 12 days. 
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acid. To prevent negative geotropism and induce straight growth or slight 
positive geotropism, the following concentrations were employed: naph- 
thaleneacetic acid, 5 to 10 mg./l.; indoleacetic acid, 50 to roo mg./lI.; 
indolebutyric acid, 100 to 200 mg./I. 

Intact plants were placed in a horizontal position and then treated at 
various places around the stem with lanolin preparations of the three sub- 
stances. The response varied with the distance of the treated region from 
the tip. If a zone of one inch around the stem near the tip was treated with 
a 1.0 per cent lanolin preparation of indoleacetic acid or 0.5 per cent 
naphthaleneacetic acid, positive geotropism was induced. Tomato stems 
ten inches in length treated near the middle showed negative geotropism 
at the tip and positive near the center of the stem. Observed as a whole 
the stem had an S-shaped appearance. Various degrees of bending were 
obtained by shifting the treatment toward the base (Fig. 3). 

The responses induced by treatment around the stem dre in contrast 
with those brought about by unilateral treatment. When one side of the 
stem is treated, negative bending occurs due to the local effect. From the 
results obtained it appears that when treated around the stem, the sub- 
stances were taken in on all sides. It was then distributed in both directions 
to distant places, most of it going to the lower side of the horizontal stems. 
With respect to the possible inhibiting action of growth substance applied 
below the principal growing region, our results support Snow’s more recent 
growth acceleration hypothesis (31) rather than the inhibiting hypothesis 
of Le Fanu (24). 

Upright versus inverted stems. Upright severed shoots treated at the 
base with a water solution of the growth substances show epinasty of leaves 
over a wide range of concentrations (discussed more fully under another 
heading). In contrast with this response, inverted shoots, treated at the 
base with high concentrations of the substances, show no epinasty and no 
geotropism of the stem. Where low concentrations were used, the stems 
made negative geotropic responses and epinasty was discernible on the 
righted portions. It is assumed that when inverted stems were treated with 
high concentrations the substance was more or less uniformly distributed 
through the tissue. Therefore, growth being generally accelerated, no bend- 
ing occurred. It was noted that in controls where the stem pointed directly 
toward the center of the earth, the rate of geotropic response was slow as 
contrasted with stems placed in a horizontal position. Where high con- 
centrations were used, growth appeared to be accelerated nearly equally 
on all sides (Tables I and II). Data on root formation (appearing under 
another heading) also confirm this view. Measurements of growth were 
made by stamping India ink uniformly along opposite sides of the stem 
for a distance of 72 mm. beginning with the tip. The marks were three milli- 
meters apart. A vernier caliper was used to determine the change in dis- 
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FIGURE 3. Tomato plants treated at various places (see arrows) around the stem with 
lanolin preparations of the substances while horizontal and photographed after 24 hours. 
Control on left in each case. A. Indolebutyric acid 1.0 per cent. B. Indoleacetic acid 0.5 
per cent. C. Naphthaleneacetic acid 0.5 per cent. 


tance between the marks occurring during treatment. Tables III and IV 
show the percentage increase in growth occurring when stems were up- 
right and inverted during treatment. Figure 1 shows the appearance of 
the upright and inverted shoots at the beginning of the experiment and 
17 hours later. 
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- TABLE III 


CoMPARATIVE GROWTH RATES ON Two SIDES OF THE STEM OF UPRIGHT AND INVERTED 

Tomato SHoots DuRING TREATMENT AT THE BASE WITH WATER SOLUTIONS OF NAPH- 

THALENEACETIC ACID. WHERE CURVATURES OCCURRED THE CONCAVE SIDE Is MARKED 
“Lert.’”’? MEASUREMENTS WERE TAKEN 21 Hours AFTER THE EXPERIMENT STARTED 


oP: % increase in the two sides 
Concentration, Relative position Sees one marked with, Tecss. tak 
mg./I. of shoot vertical Left side Right side 
(concave) (convex) 
Control Upright ° fea: 10.1 
Control 2 ° 6.1 Ci 
Control : ° 8.2 4-9 
Average ° Text 6. 
o.1 fi | ° . ; z ee | 
Ohad: ° . 7-9 
Average fo) Ony 10.6 
1 I) : ° Py Ras ) oF 
i teh) 40 16.4 / 18.5 
Average 20 O23 19.8 
10.0 60 19.2 34.6 
10.0 . ° 19.9 2926 
Average 30 £9108 28.5 
Control Inverted 130 Sige! L5<3 
pune , 140 1.9 20.8 
100 Bae 2353 
Average 7 123 Yee! 19.8 
O.1 140 1.8 | IG. 7 
On 130 4.0 19.7 
Average 135 2.9 T6m7 
1) ¥ 100 8.6 | 23.7. 
1.0 3 140 3.8 21.1 
Average 120 6.2 oa en. 
10.0 s ie) 16.8 95.1 
10.0 a 20 16.4 2A 7 
Average 15 16.6 24.9 


Epinasty and hyponasty of leaves. The daytime equilibrium position of 
leaf petioles of small tomato plants (5 to ro inches in height) was usually 
above the horizontal. The angle formed by the upper side of the petiole 
and the stem ranged from 15° to go°. The smallest angles were nearest the 
tip of the plant. With aging, the leaves gradually moved downward 
(epinasty) often going beyond the go° mark. 


te 
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TABLE IV 


CoMPARATIVE GROWTH RATE ON Two SIDEs OF STEM OF UPRIGHT AND INVERTED TOMATO 
SHoots DuRING TREATMENT WITH Two SUBSTANCES. EXPERIMENT SIMILAR TO 
ONE oF TABLE III But DirF RENT Lor or PLANTS UsEpD 


Bending in % increase in stems 
Concentration, Position degrees during treatment 
mei) of shoot from Left side Right side 
vertical 
(concave) (convex) 
Control Upright fo) Dek DSi 
Control Upright fo) 5.6 4.0 
Control Upright ° 4.0 Fok 
Average ° 4.0 3.8 
Naphthaleneacetic 0.1 Upright ° 4.9 8.1 
ovate Upright 30 Hols 10.5 
Oni Upright 15 8.6 Qhsit 
Average 15 7.0 One 
Naphthaleneacetic 1.0 Upright ite) Lego) DA 
1.0 Upright ° 14.8 8.3 
1.0 Upright Bs Tas 2 19.4 
Average 15 132 13.9 
Naphthaleneacetic 10.0 Upright 10 Gia ome 
10.0 Upright ° 14.4 13.0 
10.0 Upright fo) Pt (0) 20.9 
Average 3 14.0 14.1 
Control Inverted 150 Dy 24.0 
Control Inverted 35 5.2 133 4) 
Average 93 3.9 18.5 
Naphthaleneacetic 0.1 Inverted 20 8.1 15@) 
Oe Inverted go 2.2 16.2 
@.1 Inverted 20 10.8 TO 
Average 43 eA 14h) 
Naphthaleneacetic 1.0 Inverted ° (mee, 10.8 
1 50 Inverted fo) Ty 1 LO 
1.0 Inverted ° Ao ney ppant 
Average ° 13.6 oni 
Control Inverted 120 BE 13.8 
Control Inverted 135 a7 TiS 
Control Inverted LL5 —0.7 EORO: 
_ Average 123 Pr.6 14.2 
Indoleacetic 1.0 Inverted 60 4.0 IL.O 
Wee) Inverted 100 2 ioe) 
Average a 80 5.6 13 .6 
Indoleacetic 10.0 Inverted 30 Geil Cor 
10.0 Inverted aM eT rT aCe) 
Average 33 10.9 14.0 
Indoleacetic 50.0 Inverted 30 Dy2 17.8 
50.0 Inverted 20 (8) 15.6 
50.0 Inverted se) 9.8 iv sns 6) 
Average 20 14.3 14.9 
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At night, young leaves of many plants (tomato, cosmos, marigold, etc.) 
move upward (hyponasty) until they nearly parallel the stem. The middle- 
aged leaves show less hyponasty at night and the older leaves show prac- 
tically none. 

Epinasty of upright plants can be induced in a number of ways. Expo- 
sure of the plants to an atmosphere containing traces of ethylene, acety- 
lene, propylene, or carbon monoxide gas induces epinasty, when the 
plants are in an upright position (13, 14). Similarly, many synthetic 
chemical compounds, commonly called growth substances, induce epinasty 
of leaves when applied with water to soil in which plants are growing (20). 
Severed leafy shoots placed upright with the basal ends in water solutions 
of the growth substances or water through which gas is bubbled promptly 
show epinasty of leaves. 

Inverting the plants or otherwise orienting them away from their 
normal equilibrium position with reference to gravity changed their ca- 
pacity to respond to treatment with growth substances and ethylene gas 
(14). When high concentrations of the substances were applied to the 
basal ends of severed, inverted shoots the stems remained straight and 
leaves showed hyponasty (Fig. 1). The petioles pressed down against the 
stem and the blades curled up. The degree of hyponasty increased with 
the concentration of the substances. 

When low concentrations were used the young part of the stem made a 
negative geotropic response and leaves on the righted parts exhibited 
epinasty. 

A range of concentrations from 0.1 to 300.0 mg. per liter of water was 
tested. There was considerable variation in effectiveness of the substances. 
The responses described for severed shoots could be obtained with the 
three chemicals used in concentrations as follows: 


Low Medium High 


Naphthaleneacetic acid o.T me). 1.0 mg./l. ro mg./I. 
Indoleacetic acid ous + 5.0 : os 
Indolebutyric acid e.g m 5.0 ™, 200. = 

The results given for experiments with severed shoots hold also for 
potted plants though the concentrations required when substances are 
added to the soil are higher than required when water solutions are applied 
to bases of leafy shoots. Figure 4 shows plants responding when oriented 
in three different positions. As with the leafy cuttings, the concentrations 
required varied with the substances and size of the pot in which the in- 
tact plant was growing. The various responses with potted plants could be 
obtained when the following amounts of chemicals were added to the soil 
in 4-inch pots: 
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Low Medium High 
Naphthaleneacetic acid tr mg./pot 5 mg./pot ro mg./pot 
Indoleacetic acid 5 + IO : 20 . 
Indolebutyric acid 5 e 20 % 40 ig 


As a rule the substances were dissolved in 50 cc. of water which was 
added at one time to the soil of the 4-inch pot. There was evidence that 


FIGURE 4. A. Tomato plants in three positions after treatment with 20 mg. of indole- 
acetic acid per pot applied to the soil in 50 cc. of water; control on left in each group. Photo- 
graphed after 24 hours. B. Microscopic cross sections of stems approximately to inches 
above soil taken seven days after treatment of soil with 10 mg. naphthaleneacetic acid. 
Left, upright control; middle, inverted treated; right, horizontal treated. Note root pri- 
mordia and thick cortex all around the inverted and on the lower side of horizontal stem in 
contrast with the control. 


the responses were not due to the total amount of the solution added but 
instead to the concentration of the substance in the solution. 

The effect of dark on the response of plants. Plants which were kept in 
a dark room three to five days prior to treatment with growth substance 
were more sensitive than similar plants taken directly from greenhouses. 
Tomato plants kept in the dark for five days lost their capacity to respond 
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to the force of gravitation when placed in a horizontal position. They 
were, however, induced to respond when the growth substances were ap- 
plied either as lanolin preparations or as water solutions (39). Concentra- 
tions which normally induce negative bending of horizontal stems pro- 
duced positive bending of plants which were kept in the dark for two to 
five days, showing that darkness increased the sensitivity. The tempera- 
ture at which plants were stored in the dark rooms varied the rate at 
which they lost their natural hormone. Storage at 50° F. enabled the 
plants to maintain their capacity to respond much longer than those stored 
at.so lh. 

As this paper was being prepared there appeared an article by Botjes 
(1) showing that our earlier work concerning the effect of darkness on 
plants was successfully repeated and extended in an interesting way. After 
the plants lost their power to respond to gravity, Botjes placed them in a 
horizontal position for 24 hours and then turned them around go° and 
left them for another 24 hours. At this time a lanolin preparation of in- 
doleacetic acid was applied around the stem. Bending occurred away from 
the side which was lowest when the plant was first placed in a horizontal 
position. 

Epinasty induced by artificial orientation of the plants. When plants are 
placed in a horizontal position the stems are brought into equilibrium in 
respect to the earth by growing faster on the lower side and thereby mak- 
ing a negative geotropic response. After a plant has made this type of 
response it shows a peculiar epinasty of leaves after being placed again 
in an upright position. Figure 5 shows three tomato plants, one in a 
normal position, one showing negative geotropism, and the other a plant 
which was placed in a horizontal position, left for 24 hours, and then 
again placed in an upright position. The photograph was taken 18 hours 
later. Note that leaves show epinastic response as if they had been sub- 
jected to an atmosphere containing gas or treated with growth substances. 
It was not clearly understood how placing the plants as described above 
could bring about this type of response. It may be assumed that natural 
hormones have in some way been shifted to the upper side of the petiole. 
However, in no case was the plant placed so that the upper side of the 
leaf faced downward. White, swollen patches (proliferations) developed 
within three days along the stems, thus indicating that there was an ab- 
normal distribution or increased production of natural hormones as the 
shoots resumed their normal equilibrium position. (Tables V and VI.) 

Root formation and proliferations on treated plants. Intact tomato plants 
growing in q4-inch pots were treated by applying the substances to the 
soil and then placing the plants in various positions to be left for several 
days. The most striking response was the swelling of the tissue, prolifera- 
tions, and the production of roots. Upright or inverted plants showed that 


ZIMMERMAN & HitcHcocK—TROPIC RESPONSES e717 


nowing epinasty of leaves induced on geotropically stimu- 
rowth substances. A. Left, control; middle, response 
d in horizontal position and 


"FIGURE 5. Tomato plants st 
lated plants without the application of g 
after being placed in horizontal position; right, plant was place 
left 24 hours at which time it appeared like plant in middle; the pot was then righted and 
as the stem straightened up epinasty developed. B. Left, control; right, a rapidly growing 
plant treated as described for “A, right.’”’ Photographed after 24 hours. 
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TABLE V 


CompaRATIVE GRowTH RATES ON THE UppER AND LOWER SIDES OF STEMS OF UNTREATED 
PLANTS PLACED IN A HorizontaL PositION AND TURNED 180° AT INTERVALS FOR EIGHT 
Hours, THEN LEFT THE REMAINDER OF A 24-HoUR PERIOD WITHOUT FURTHER TURNING. 
AFTER THE First READINGS THE PLANTS WERE ALL TURNED WITH THE CONCAVE SIDE 
Down AND Lert FoR 24 Hours WHEN THE SECOND READINGS WERE TAKEN 


Measurements at two different times to show in- 
Intervals crease or decrease from the original length 
atwhichs) Number) “Ancien (63 mm.) of the measured zones. 
plants Gh tines | wdeacees Figures show average of 3 stems 
“G80°) eg ae ae Upper side, % change Lower side, % change 
neti hours After turned Af After turned 
a eae After 180° and left rie 180° and left 
; 24hours | for 24 hours| 24 ours | for 24 hours 
Control fo) 86.6 —0.37 25.8 8.87 8.9 
6 hours I 40 6.33 27.5 13.01 13.9 
4 hours 2 38.3 3.44 23.8 10.15 8.77 
2 hours 4 40 BOS 22.3 9-47 | 8.5 


the growth substance had affected the entire stem whereas the horizontal 
plants were affected mostly on the lower side. This fact is illustrated by 
Figure 4, showing intact plants and cross sections of inverted and hori- 
zontal stems. The picture of the cross section of a treated, horizontal stem 
indicates that the substance applied to the soil was unequally distributed 
in the stem, the lower side receiving enough to cause abnormal growth in 
the cortex and induce adventitious roots. Similar swelling and induction 
of roots occurred all around the stems of upright or inverted plants which 
had been given the soil treatment (20). The equal distribution of root 
primordia and the equal growth of the cortex in vertically placed stems 
are to be compared with the unequal distribution in horizontally placed 
stems. For root induction in stems of intact plants the following range of 


TABLE VI 


INCREASE IN LENGTH OF A MARKED ZONE NEAR THE Tre OF PLANTS TURNED 180° AT IN- 
TERVALS FOR Four Days. Tur SAME PLANTS WERE MEASURED THE First Two DAyYs FOR 
Data GIVEN IN TABLE V, THe Data HERE GIVEN SHOW THE Most ACTIVE 
REGION WuicH WAS ORIGINALLY 9 MM. IN LENGTH 


Treatment as shown ; Upper side (concave) Lower side (convex) 
in ‘Table V Mm. % increase Mm. % increase 

Control 14.0 Sapa L5.9 74.4 

Control 14.4 60.0 15.8 we. G 

Control 13.0 44.4 14.0 55-6 

Average 13.8 53-3 Een 68.5 

6 hour plant re.0 66.7 jai | hice! 

6 hour plant LenS 66.7 16.0 77.8 

6 hour plant 14.8 64.5 14.8 64.5 


Average 14.9 65.9 15.5 W22 
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FIGURE 6. The response of horizontal, excised shoots of three species to various con 
I 


centrations of the substances. A. Cosmos treated with indolebutyric acid: control; 10 mg./1.; 
so mg./I.; roo mg./l. B. Marigold treated with indolebutyric acid (above) and naphthalene- 
acetic acid (below). Above (left to right): control; 1.0 mg./l.; 10.0 mg./l.; 100 mg./l. Below 
(left to right): control; 0.1 mg./l.; 1.0 mg./l.; 10 mg./l. C. Tomato treated with indole 
butyric acid (above), indoleacetic acid (middle), and naphthaleneacetic acid (below). Con- 
centration was same for all substances. Left to right: control; 0.5 mg./l.; 5.0 mg./I.; 100 


mg./1. 
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FIGURE 7. The response of tomato shoots (in replicate) to a range of concentrations of 
naphthaleneacetic acid, covering low (0.1 mg./I.):; medium (1.0 mg./l.); high (10 mg, /I.) 
concentrations for this substance Photographs were taken (A) at the start; (B) after two 
and one-half hours: and (C) after five hours. The treatments were as follows: upper left, 
control; lower left, low con entration; upper right, medium conc entration; lower right, high 
concentration, Both sets were used to make motion pictures, and lights were used only when 


exposures were made, 
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concentrations were found satisfactory for the three chemicals: naph- 
thaleneacetic acid, 5 to 10 mg./pot; indoleacetic acid, ro to 20 mg./pot; 
indolebutyric acid, 20 to 40 mg./pot. 

Figure 6 shows comparative effectiveness of three different substances 
and the response of three different species. Figure 7 shows how a set of 
results can be duplicated. 


DISCUSSION 


This paper concerns particularly the systemic distribution and unequal 
redistribution of substances naturally occurring in plants or synthetic 
substances which are artificially applied while the plants are oriented 
other than their natural equilibrium position. The substances were applied 
at distal parts of stems and were then transported by the tissue and dis- 
tributed according to the orientation of the shoots with reference to 
gravity. This method is in contrast to those previously reported showing 
that local responses could be induced by the application of lanolin prepara- 
tions of growth substances. The present method of application permits the 
tissue to handle the synthetic substances as if they were natural hormones 
produced by the plant. As a result the responses are systemic rather than 
local. 

Several unusual responses were described under the heading of ‘‘Ex- 
perimental Results.’’ A few additional remarks may be helpful to interpret 
results. 

Negative geotropism of stems placed in a horizontal position is a well 
known response (22). Either the upper side does not grow or grows less 
than the lower side and therefore the stem bends away from the earth. 
But what could make a stem bend toward the earth as is the case with 
roots? The explanation for roots is simple enough. Natural hormones or 
synthetic substances retard growth of roots. Therefore, unequal distribu- 
tion of substances in favor of the lower side accounts for positive geo- 
tropism of roots as well as negative geotropism of stems. 

When positive geotropism of stems was first observed in the present ex- 
periments, after treating the basal end of a shoot with a high concentra- 
tion of a growth substance, it was thought that growth on the lower side 
had been greatly retarded or perhaps stopped due to high concentration 
However, measurements of the rate of growth by means of surface marks 
on the two sides did not support that hypothesis. The data in Tables I 
and II indicate that growth was accelerated on both sides but the rate was 
greater on the upper side The assumption is that as the substance was 
distributed through the horizontal stem the upper side received near the 
optimum concentration for maximum growth. Whether the lower side re- 
ceived more or less than the optimum cannot be determined by surface 
measurements. In order to clarify these points it will be necessary to make 
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quantitative determinations of the amount of substance on both sides of 
the stem. When such information is at hand we shall understand whether 
or not the normal mechanism for redistribution has been altered. One has 
also to find an explanation for the horizontal stem that continues to grow 
straight after treatment with medium concentrations. 

In the case of horizontal stems which curved only slightly or not at all 
there was a rapid growth rate on both the upper and lower sides. An as- 
sumption might be made that though most of the substance accumulated 
on the lower side, the concentration was still within the range which in- 
duces pronounced growth. At the same time the upper side might be 
assumed to have a concentration within the same range but near the 
lower limits. If the figures just cited are compared with those for upright 
shoots treated with the same concentration (Table III), it can be seen 
that the rates of growth are approximately the same. Upright shoots are 
thought to have approximately the same concentration on all sides. How- 
ever, the upright stems frequently bend if shoots are treated with the 
higher concentrations (Fig. 1 B) or the substances are applied to the soil. 
In the latter case bending occurs toward light resembling phototropism 
(20, 38). It is assumed that bending is due to unequal growth rates which 
in turn are due to unequal distribution of the substance applied regardless 
of the cause. This assumption is supported by figures in the tables showing 
amount of growth on convex versus concave sides of stems. 

Many varied responses occurred after horizontal tomato plants were 
treated around the stems with lanolin preparations of the substances. That 
is, the direction and degree of bending varied with the distance of the 
treated region from the tip. The influence of the substances applied in this 
way did not extend throughout the plant as readily as did water solutions 
applied to the soil or to the base of excised shoots. This fact suggests that 
different tissues are involved in transporting the substance when it is 
applied in different ways. When the water solution is added to the soil 
or applied to the base of an excised shoot, it may readily enter the trans- 
piration stream. If applied to the epidermis the substance must first be 
handled by the cortex and perhaps it is conducted in both directions by 
cortical tissues. This was suggested also by earlier work (20, 38) which 
showed that relative humidity affected the rate of movement up the stem 
when the substance was applied to the soil but not when lanolin prepara- 
tions were applied to the epidermis. 

Figure 3 shows the relative effectiveness of the three substances and 
the responses induced by treating at various places along the stem. With 
this method naphthaleneacetic acid appears to be the most effective and 
indolebutyric acid the least effective. The responses indicate unequal 
distribution of the substances as shown when water solutions were used. 

Figure 2 shows the effect of applying water solutions of substances to 
the top of the plant after the tip was removed. The chemicals apparently 
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moved downward and were unequally distributed as with the other meth- 
ods of application. To induce positive geotropism by this method much 
higher concentrations of the substances were required than when the solu- 
tion was applied to the base of an excised shoot. Also, the time required 
to induce the response with excised shoots was less than that required 
where the top of the stump was treated. 

Pictures appearing in Figure 2, C and D, show a striking difference 
between the treated and control plants. Axillary shoots are growing on the 
controls, but not on the treated plants (19). The position of the roots on 
the treated plants clearly indicates unequal distribution of the substance 
in favor of the lower side of the horizontal regions. Note also the swollen 
appearance around the young part of the treated stems. At this place 
the concentration was probably too great for best rooting. The two rooted 
plants shown in the picture at first made a positive geotropic response but 
the young portion slowly moved upward before the roots appeared. The 
vertical part finally developed roots around the stem in contrast to only 
the lower side of the horizontal portion. This response was similar to that 
described for intact plants treated on the soil and then placed in various 
positions (Fig. 4). 

The failure of leaves to show epinasty when the shoot is inverted, 
though an effective concentration of the substance is applied, still remains 
a mystery. It is not greatly unlike the failure of ethylene gas to induce 
epinasty of leaves on inverted shoots (14). Not only do the leaves of in- 
verted and treated shoots fail to make an epinastic response, but they do 
the opposite, show hyponasty. Figure 1 shows three tomato shoots pointed 
in different directions but fed from one reservoir containing growth sub- 
stance. The upright shoot shows pronounced epinasty of leaves. The in- 
verted stem in high concentration remains straight (in contrast with con- 
trols) while the leaf blades and petioles show hyponasty. The stem which 
was at first horizontal made a positive geotropic response followed by 
hyponasty of the leaves. 

Leaves of plants kept in the dark a few days before treatment were 
sensitive to much lower concentrations of growth substance than normal 
plants and also the leaflets and petioles showed more pronounced hypo- 
nasty. Leaflets frequently curled so that the edges touched. 

Epinasty of leaves on upright shoots was induced by use of a wide 
range of concentrations of growth substances. The other response, hypo- 
nasty, was produced only when the higher concentrations were used. 

From the responses described, it can be seen that either the growth 
substance does not accumulate on the lower side of the leaves as in the 
case of stems or the tissues of the two organs do not have the same 
capacity to respond. The upper side of the petiole is capable of growth as 
is well evidenced by the fact that when a tomato plant is subjected to an 
atmosphere containing ethylene or other unsaturated hydrocarbon gases 
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the leaves grow downward exerting a force equivalent to 20 grams or more 
(14). Therefore, it is difficult to understand why leaves of upright shoots 
move downward when the substance is applied to the basal end of the 
stem. The response is the reverse of that produced by horizontal stems. 
Also if the substance settles to the lower side of the organs why does not 
the petiole of treated, inverted shoots move upward? The explanations of 
ethylene-induced epinasty by van der Laan (23) do not help to clarify 
these responses, because as was pointed out previously his assumption of 
decreased auxin production does not explain the resulting increased growth. 

Another response which seems important enough to mention again is 
epinasty of leaves and growth of stems induced without the application of 
any active chemicals. All that is necessary is to induce a geotropic response 
by placing the plant in a horizontal position, after which it is returned to 
the original position. The stem soon starts bending back toward its original, 
vertical position and all of the leaves except two or three of the youngest, 
promptly show epinasty (Fig. 5, Tables V and VI). The response seems 
to be associated with increased metabolic activity which in turn is associ- 
ated with growth curvatures. Denny (16) found an increased production 
of emanations (probably ethylene) during geotropic response of tomato 
stems. Possibly there is increased production of natural hormones with 
increased metabolic activity (41); several other results point in that direc- 
tion. For example, within 24 hours after the plants are returned to the 
upright position the nodes associated with epinastic leaves become en- 
larged and change to a lighter color. If the stem had originally a purplish 
tinge, it promptly loses this color and turns whitish. Finally white swollen 
patches develop along the internodes, and then root primordia soon make 
their appearance in the affected areas. 

All of these responses can be induced by the application of synthetic 
substances to the soil in which plants are growing. Therefore, it does not 
seem unreasonable to suggest that the unusual responses described for 
geotropically stimulated plants might have been due to an increased pro- 
duction of natural growth substances. 

Du Buy and Nuernbergk (8, 9) measured growth rate on two sides of 
phototropically stimulated coleoptiles. They concluded that either the il- 
luminated side did not grow or grew less than the shaded side but that the 
total growth was the same as for non-stimulated coleoptiles. 

Dolk (18) studied the influence of gravity on total growth, production 
of growth substance, and distribution of growth substance in coleoptiles 
of Avena and Zea. He concluded that under the influence of lateral action 
of gravity the total amount of growth substance produced in the coleoptile 
does not change, but that more goes to the lower side and less to the upper 
side of the coleoptile. Rotation on the horizontal axis of the klinostat did 
not affect the growth of the coleoptile. 
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Schmitz (29) showed that old grass nodes in which no growth substance 
could be detected finally developed a measurable amount of growth sub- 
stance when the coleoptiles were geotropically stimulated. 

As stated earlier in the paper most of the experiments were performed 
with tomato as the main test object. This fact, however, should not be 
taken to mean that other species did not respond to the treatment. All 
species tested responded very much alike, as shown by Figure 6. The same 
figure also illustrates the comparative effectiveness of the three different 
growth substances when used in the same concentrations. It can be seen 
that the responses induced by the three substances are similar in the lower 
and upper limits. The main differences appear with medium concentrations 
where naphthaleneacetic acid was always the most effective. That is, 
positive geotropism can be induced with lower concentrations of naph- 
thaleneacetic acid than with the indole compounds. Also, more epinasty of 
leaves appeared with low concentrations of naphthaleneacetic acid than 
with the other compounds (Fig. 6 C). 

Due to natural biological variation between individual specimens, it 
might be expected that some variation in response would appear when sev- 
eral individuals are treated in a lot with the same concentration of a 
substance. However, when the plants were grown under the same condi- 
tions it was possible to obtain comparable results for several successive 
days with plants from the same original lots. Figure 7 shows results ob- 
tained on two successive days with the same concentrations of naph- 
thaleneacetic acid. The pictures were taken at the start, after two and one- 
half hours, and after five hours while motion pictures were being made. 
The responses in the two sets are very much alike. 

The motion picture shows that movement of leaves and stems ap- 
peared first in the treated shoots and finally in the controls; that is, appli- 
cation of the substances hastens geotropic responses. This holds for the 
high concentrations causing positive geotropism, as well as for the lower 
concentrations causing negative geotropism as shown in Figure 7. This 
same figure shows also epinasty of leaves in low concentrations and 
hyponasty with high concentrations of the substance. 


SUMMARY 


The results of experiments involving treatment of intact plants and 
excised shoots with growth substances show that induced tropisms are 
conditioned by the relative positions of the organs to gravity. For example, 
horizontal stems which normally bend away from the earth were induced 
to curve toward the earth by applying certain concentrations of water 
solutions of growth substances to the basal end or tip of the shoots. With 
the same concentrations leaves of upright shoots showed epinasty whereas 
leaves of inverted shoots showed hyponasty. 
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Three of the most effective growth substances (naphthaleneacetic acid, 
indoleacetic acid, and indolebutyric acid) were applied in various ways to 
intact plants, excised shoots, and plants with tops removed. The plants 
were placed in various positions (upright, horizontal, and inverted) and 
the substances were applied to distal parts so that the final effects were 
systemic rather than local. Regardless of whether the substances were ap- 
plied to the roots (in soil) of intact plants, to the tops of plants with 
excised tips, or to the basal end of excised shoots, the final results were 
similar. 

There was some evidence that synthetic growth substances, like natural 
hormones, were unequally distributed through tissues of shoots placed in 
a horizontal position. Low concentrations accelerated negative geotropic 
responses, while high concentrations induced positive geotropism. 

Plants kept in the dark for several days lost their capacity to right 
themselves when placed in a horizontal position. They regained the power 
to respond to gravity when treated at distal points in various ways with 
solutions of growth substances. 

If the substance was applied to the soil in which plants were growing 
or to the basal end of excised shoots, it moved upward inducing responses 
at the tip. If the tip was removed and the upper end of the stump treated 
with the substance, it moved downward, inducing characteristic responses 
along the way. Lanolin preparations of the substances applied to the epi- 
dermis near the middle of an intact plant induced responses in both direc- 
tions from the treated region. There was some indication that when the 
substance is applied to the epidermis its translocation is in the cortical 
tissue rather than in the transpiration streams. 

Measurements of growth rates on all sides of treated shoots indicated 
that they grew more than controls regardless of the relative position of the 
shoot with reference to gravity. Growth occurred on the upper and lower 
sides of geotropically stimulated stems (horizontal) but the convex side 
elongated more than the concave side. Horizontal shoots treated with 
medium concentrations continued to grow in a horizontal position. Meas- 
urements in these cases indicated approximately equal growth rates on 
upper and lower sides of the stem, but total growth (sum of the two sides) 
was greater than that of controls exhibiting negative geotropism. 

Measurements of non-treated horizontal stems, turned 180° at in- 
tervals, indicated that growth occurred on both sides of the stem but in all 
cases the lower side grew faster than the upper side. Total growth, how- 
ever, was greater than that of controls which were not turned after being 
placed in-a horizontal position. 

Motion pictures were used to record details of responses while the 
plants were in treatment. 

Epinasty of leaves was induced without chemical treatment by placing 


1938] ZIMMERMAN & HitrcHcocK—TRopic RESPONSES » 2.24 


the plants in a horizontal position for 24 hours and then returning them 
to their original position. Epinasty occurred in all but two or three young 
leaves as the stems grew back toward the vertical position, indicating 
redistribution or increased production of natural growth substance or 
both. The plants finally appeared like those growing in soil to which syn- 
thetic substances have been applied. 

Five species (tomato, sunflower, cosmos, marigold, and tobacco) were 
used in the course of the experiments. The results were similar for all 
species. 
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OBSERVATIONS ON THE GERMINATION 
OF LETTUCE: SEED 


A. E. GRIFFITHS 


This paper presents a few of the important chemical changes taking 
place in lettuce seed during germination. No attempt has been made to 
cover the entire field of metabolic activity, but rather to emphasize those 
factors related to the hydrolysis of fat. In the case of the lettuce seed, as 
with many other kinds, fats and oils make up the greater part of the food 
reserve. Proteins are also important as reserve materials, but there is no 
starch. 

The fats are stored as globules, almost entirely in the two cotyledons 
of the embryo. However, there may be a little present in the hypocotyl, 
and in the region of the undeveloped plumule. At the onset of germination 
the globules first begin to break up in this region, becoming smaller and 
smaller and finally disappearing completely. Until the second day of 
germination, minute globules of fat may be found in the newly developed 
portions of the elongating radicle and hypocotyl. Whether they-are trans- 
ported there as such or are resynthesized is not known. These globules 
were never observed after the second day of germination. 


PREVIOUS WORK 


Sachs (8) was one of the first workers to give us qualitative micro- 
chemical methods. These methods have since been developed and elabo- 
rated by Tunmann (10) and others. By their use we are enabled to establish 
the presence or absence of minute quantities of organic and inorganic 
materials in plant tissue. Also, under some conditions, the relative amounts 
of these materials may be approximately determined. Qualitative micro- 
chemical methods are particularly useful in the study of food reserves in 
single seeds. Faust (5), working with seeds of Populus grandidentata and 
P. tremuloides, demonstrated that results obtained from individual seeds 
were comparable with the results obtained from other seeds of the same 
sample. Choate (1), Toole (9), and Reuhl (7), working with many different 
kinds of seeds, have demonstrated that evidence obtained by qualitative 
microchemical methods very closely agrees with that obtained in the 
usual macrochemical way. They suggest that crucial points should always 
be checked quantitatively. 

During the past century much excellent work has been performed in 
establishing the physiological and chemical processes involved during the 
germination of seeds. Sachs (8), using microchemical technique as early 
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as 1859, noted that starch appeared in the hypocotyl of oily seeds soon 
after the germination processes were under way. Also, sugars appeared in 
various organs of the embryo during the early stages of growth. Detmer 
(3), in a comprehensive review of the work prior to 1880, organized the 
known facts in regard to the breakdown and disappearance of such reserve 
substances as fats, and the appearance of starch, sugar, and other respira- 
tory substrates in various parts of the embryo. Mesnard (6) noted that, as 
the radicle of some oily seeds commenced to elongate, the oil was carried 
into the hypocotyl axis. The globules rapidly became smaller and finally 
disappeared altogether. He did not correlate the appearance of sugars with 
this, but did notice that the acidity of the embryo increased during the 
early part of germination. Later, Toole (9), working with maize, found 
that the globules of fat become much smaller and more dispersed as ger- 
mination progresses, and, paralleling this change is an increase in the acidity 
of the embryo. He also observed a rapid increase in reducing sugar. 

Eckerson (4), in work concerned mainly with after-ripening processes, 
has definitely shown that there is a relationship between fat hydrolysis 
and the appearance of sugars. Her work also indicates that acidity changes 
within the embryo are closely related to metabolism during germination, 
probably through effects on the enzyme activity of the seed and on the 
water absorbing capacity. 

Reuhl (7) presents a review of the findings in the field of seed physiology 
which includes much of the work performed prior to 1936. Her conclusions 
in regard to the réle that fat plays in the metabolism of germinating seeds 
are drawn from microchemical and macrochemical observations with 
germinating mustard seed. In no case was she able to find that the oil 
reserves had been converted into sugars at the beginning of germination. 
In contradiction to most previous work, she points out the probability 
that fatty acids may serve directly as material for respiration. 


MATERIALS AND METHODS 


The seeds of Lactuca sativa L. used in this study were of two types: a 
white-seeded variety, known as White Boston, Cornell £43, and the black- 
seeded variety, Grand Rapids. Both were produced during the summer of 
1936. Vitality in both cases was exceptionally high, percentage germina- 
tion being 96 and 98, respectively. The seeds were carefully stored in sealed 
containers at a temperature of 1o° C. until used. 

All seeds were germinated in the dark, on cotton, in petri dishes at a 
temperature of 20° C. Samples for the various tests were removed at four- 
or eight-hour intervals as the case might be. 

When making moisture determinations, the seeds were removed from 
the germinators, carefully dried between paper toweling to remove excess 
moisture, weighed and placed in an 80° C. vacuum oven for 24 hours. At 
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the end of that time they were weighed again and the percentage moisture 
determined on a dry weight basis. 


MICROCHEMICAL TESTS 

Acidity. The indicators proposed by Clark (2, p. 41) were used in mak- 
ing all pH determinations. These indicators were chosen because they are 
relatively free from protein and salt errors. The colors exhibited by the 
tissue when mounted in drops of the indicator were compared with 
phthalate-NaOH and KH2POs, standards. Crucial points were determined 
also by the glass electrode method. The colorimetric determinations check 
to o.2 of a pH unit. 

Fat. 1, Sudan III, red color; 2, Myelin formation; 3, Saponification. 

Sugar. 1, Fliickiger’s reaction, red precipitate of cuprous oxide; 2, 
Phenylhydrazine reaction. 

Lipase activity was determined according to standard laboratory 
methods, except that toluene was used rather than formalin as an anti- 
septic in the substrate. 


ACIDITY OF LETTUCE SEED DURING GERMINATION 

Several investigators working with seeds other than lettuce have found 
that concomitant with the increased activity in germinating seeds there is 
an increase in acidity. Whether this increase in acidity is a result of in- 
creased lipase activity or whether the lipase activity is the result of in- 
creased acidity is not known. However, it is obvious that the two 
phenomena are intimately related, and a study of the acidity changes 
during early germination may throw some light on the subject. 

Normal lettuce seeds were placed to germinate under the conditions 
described above. At intervals of four hours three seeds of each of the two 
varieties were removed; free-hand sections made, and the pH of the three 
important parts of the embryo determined. These determinations were 
continued until the 6oth hour, at which time the seedlings were 4 to 5 cm. 
in length. 

The dry seeds of both varieties have an average pH value of from 5.8 to 
6.0 (Fig. 1). The cotyledons, hypocotyl, and radicle are comparatively the 
same. As germination progresses the principal increase in acidity takes 
place in the radicle. Possibly this is due to an influx of fatty acids from the 
cotyledons during the early phases of germination. The increase in acidity 
continues until the 48th hour at which time the pH is 4.6 to 4.8. Soon after 
this period the acidity diminishes. 

The changes in the cotyledons follow the same general order as those in 
the radicle but are not nearly as marked. The pH never becomes lower than 
BO; 

The hypocotyl! changes but slightly in acidity although there are some 
indications of a low point at the 48th hour. 
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FiGuRE 1. Average pH values for White Boston and Grand Rapids 
lettuce seed during germination. 
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Ficure 2, Rate of water uptake in lettuce seed during the early stages of germination. 
Averages for White Boston and Grand Rapids varieties. 
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WATER ABSORPTION 

It might be expected that as the acidity of the seed increases during 
germination, the rate of water absorption would also increase. On the 
other hand, before germination can commence most seeds must have ab- 
sorbed at least 75 per cent of their dry weight in water. It is interesting to 
note (Fig. 2) that in the lettuce seed 65 per cent of the water is absorbed 
in the first four hours. During this same period of time the pH has de- 
creased approximately only o.1. Even after 12 hours the pH has decreased 
only o.2, while the water uptake has approximated 75 per cent of the 
dry weight of the seed. 

The first indication of exterior activity during germination is noticed 
between the 8th and r2th hours, at which time the tip of the radicle begins 
to break through the seed coat. 

It would appear from these observations that water uptake is not 
greatly dependent upon the increased acidity of the seed, particularly dur- 
ing the early stages of germination. 


FAT METABOLISM 

Various investigators have shown that the rate of fat transformation 
increases with an increase in embryonic acidity; the theory is that lipase is 
most active as the pH approaches 5.0. Thus the hydrolysis of fats into 
fatty acids and glycerol is increased in rate as the embryo becomes more 
acid. 

Seeds of both varieties were placed to germinate as before. At four-hour 
intervals samples were tested for fats. Qualitative microchemical methods 
were used. For ease in interpretation and presentation an index ranging 
from 100 (maximum fat) to o (minimum fat) was assigned to definite 
gradations in the observed reactions. 

Very little activity was observed during the first 32 hours of germina- 
tion (Fig. 3). Allsamples gave strong fat tests, slight differences, if present, 
not being detected. From the 32nd through the 76th hour the decline in 
fat content of the embryo was rapid and constant. The 48th hour would 
represent the approximate median point of highest activity. By the 48th 
hour, fully two-thirds of the original stored fatty materials had disap- 
peared. It is interesting to observe that this period is also the turning 
point in seed acidity. After the 48th hour the acidity decreases. It is im- 
portant to note that the period of greatest activity in fat transformation 
corresponds to the period of greatest increase in acidity. This might be 
expected because of the increased amount of fatty acids resulting from the 
hydrolysis of the fat reserves. 

DIPASE ACTIVITY. 
There are no microchemical tests for lipase. Therefore, it was necessary 


to resort to standard laboratory methods of determination. The seeds were 
placed to germinate for definite periods of time. They were then removed, 
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Ficure 3. Rate of fat loss in lettuce seed during germination. 


FIGURE 4, Lipase activity in lettuce seed during germination. 
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dried, ground, and the fats extracted with ether. The residue containing 
the lipase was then added to definite quantities of a cottonseed oil emul- 
sion. Aliquots of 25 cc. were titrated with N/10 alcoholic KOH. Phenol- 
phthalein was used as an indicator. The emulsion was then incubated for 24 
hours at 38° C. and another 25 cc. aliquot titrated as before. The increase 
in acidity, as indicated by the increased amount of N/1o KOH necessary 
to bring about the end-point, was taken as due to lipase activity. The 
data presented in Figure 4 indicate definite increases in lipase activity 
during the early phases of germination. 
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FIGURE 5. Sugar content of White Boston lettuce seed during germination. 


Figure 4 shows that there is little or no increase in lipase activity dur- 
ing the first 16 hours, but that there is a sudden increase between the 18th 
and 24th hours. It will be noted that this sudden change in lipase activity 
occurs with but a relatively small increase in acidity. One of two conclu- 
sions might be drawn from this. Either the acidity change necessary to 
set lipase into action is very small, or else lipase activity in lettuce seed is 
not wholly conditioned by the degree of embryo acidity. 

Between the 24th and 48th hours of germination lipase activity remains 
fairly constant at a high level. It is during this period that the greatest 
transformation of fats takes place. After the 48th hour acidity decreases; 
the lipase activity drops off and fat hydrolysis begins to slow up, as the 
end of the reserve supply is approached. 
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APPEARANCE OF SUGAR 


Qualitative sugar determinations were made with free-hand sections of 
seeds taken at eight-hour intervals. An index of roo was adopted to repre- 
sent maximum sugar, and zero to represent minimum sugar. No sugars, 
either reducing or non-reducing, could be observed in the dry seeds. Very 
slight increases could be noted until the 32nd hour of germination. From 
that time on the sugar content of the germinating embryo increased rapidly 
in indirect proportion to the decrease in fats. Figure 5 shows that here 
again the period of greatest activity corresponds very closely with the 
periods of greatest activity for fat hydrolysis, lipase activity, and acidity 
change. 

Practically all of the sugar synthesized from the break-down products 
of the fatty reserves is in the form of glucose. A small amount of fructose is 
present, but at no time could sucrose be observed. 


DISCUSSION 


The foregoing work represents an attempt to clarify and correlate some 
of the important changes taking place during the germination of lettuce 
seeds. Conditions such as dormancy or delayed germination may easily 
have their genesis in the disarrangement of such a balanced system as 
would seem to surround the transformation of the fatty reserves of lettuce 
seeds. 

This work has been mainly qualitative in nature. For definite proof 
of the general relations found therein, it should be followed by quantita- 
tive study. However, these qualitative tests have allowed the development 
of a rather clear and nearly complete picture in a shorter period of time 
than would be possible under quantitative conditions. 


SUMMARY 


t. It has been possible to develop a relatively clear picture of the condi- 
tions surrounding fat metabolism in lettuce seed by microchemical means. 

2. The acidity of the lettuce embryo as a whole increases from an 
approximate pH of 5.8 to 4.9 during the first 48 hours of germination. 
After that the acidity decreases. 

3. The hypocotyl is always more basic and exhibits less change than 
either the cotyledons or the radicle. The radicle is the most acid part of the 
embryo. 

4. Water absorption in the lettuce seed is rapid, enough being absorbed 
in the first four to eight hours to start germination. Rate of water absorp- 
tion does not appear to be dependent upon acidity changes in the lettuce 
seed. 

5. The most rapid hydrolysis of fat occurs between the 32nd and 64th 
hours. 
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6. The most rapid increase in sugar occurs between the 32nd and 64th 
hours. 


7. Lipase is most active in the lettuce seed between the 24th and 48th 
hours. 


8. Lipase activity increases prior to the increase in acidity. It would 
seem that the lipase is relatively independent of the acidity in these early 
stages of germination. However, lipase activity is maintained at its highest 
level only as long as the acidity remains high. After the 48th hour, as the 
acidity decreases and the fat content becomes definitely lowered, the 
lipase activity falls off. Apparently lipase can begin its work irrespective 
of the pH of the embryo, but as fatty acids result from the hydrolysis of 
the reserve material, the enzyme becomes increasingly active. 

g. The most active period during the germination of the lettuce seed 
is centered around the 48th hour. From then until the 72nd hour the 
curve of activity, as regards the utilization of reserve materials, is a declin- 
ing one. By the end of the third day the seedling is from 4 to 5 cm. in 
length, and, given the proper conditions, is capable of manufacturing its 
own food supplies. 
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A RAPID METHOD FOR DETERMINING THE VIABILITY 
OF DORMANT SEEDS 


FLORENCE FLEMION 


Germination has been the usual method of testing viability. From three 
to twenty-one days are required for the complete germination of cereals 
and garden seeds. There is, however, no official seed testing method for 
the dormant forest and fruit-tree seeds. Before these seeds can be tested 
intact they must be subjected to long periods of after-ripening (from two 
to six months) in a moist medium at low temperature, then subsequently 
transferred to 20° to 22° C. before germination occurs. Considerable time 
and equipment are necessary to furnish optimum conditions for the 
germination of every kind of seed. It is therefore very desirable that a 
rapid method of testing viability of seeds be available in order that de- 
terminations can be made quickly prior to being subjected to the required 
periods at low temperature which are essential for germination. 

The direct inspection or cutting method merely gives the percentage of 
seeds containing embryos. As early as 1876 Dimitriewicz (20) turned to 
chemicals as a means of detecting viability. By applying sulphuric acid on 
cut sections of grain seeds, he observed that a deep rose color appeared in 
viable seeds within two to five minutes, while in poor seeds the color ap- 
peared only after 15 minutes. Lesage (48) reported that he could de- 
tect viability within four hours by soaking Lepidium sativum seeds in cer- 
tain concentrations of potassium hydroxide. 

In 1906 Qvam (57) reported a relationship between germination ca- 
pacity and the respiratory activity of grains. Darsie et al. (12) concluded 
that viability could be ascertained by the amount of heat given off under 
conditions suitable for germination. Waller (69) and Fraser (33) found 
that an electrical response (‘“‘blaze current’’) of seeds could be used as 
an indication of viability. Fick and Hibbard (26) reported that a correla- 
tion existed between electrical conductivity and seed viability. Nietham- 
mer (54) attempted to find a correlation between sugar content and 
viability. Many investigators (53, 38, 54, 15, 47, 2) have determined the 
activity of various enzymes especially catalase in seeds. There is always 
considerable catalase activity when there is a full manifestation of vitality 
in seeds. Difficulties, however, arise because dead seeds often contain 
catalase (68). Davis (16) found that by soaking seeds in water at a high 
temperature the activity of catalase decreased in dead seeds but increased 
in viable seeds. In general, catalase activity has not been found to be a 
satisfactory index of the germinative capacity of seeds (11, 45, 51). 


Copyright, 1938, by Boyce Thompson Institute for Plant Research, Inc. 


(339) 


340 CONTRIBUTIONS FROM BOYCE THOMPSON INSTITUTE [VoL. 9 


Neljubow (52) tested many organic dyes on seeds. These dyes do not 
penetrate living tissue but readily enter dead tissue. Indigo carmine 
112000 was found to be the best. The relationship between the degree of 
staining and viability must be worked out for each species (44, 21, 59, 50). 
Sakata (58) found that viable seeds when soaked too long in indigo car- 
mine are also stained. Gurewitsch (39, 40) and others (23, 70) used para- 
and ortho-dinitrobenzene on seeds. The method (49) depends upon the 
ability of living cells through respiratory activity to reduce the chemicals 
into compounds which give a characteristic color reaction in the presence 
of ammonia. 

Scheurlen [as quoted by Eidmann (25)] found that anthrax bacteria 
were able to reduce tellurium and selenium salts to form free tellurium and 
selenium respectively which could readily be identified by their color; 
Klett (25) found that the rate of reduction increased with increased vitality 
of the bacteria. Sakata (58) and Hasegawa (42, 43) reported satisfactory 
results with these compounds on seeds of Japanese pine, cedar, and cypress. 
Eidmann (25) preferred the selenium salts. 

Doroshenko (22) utilized the plasmolytic method for determining the 
germinating capacity of seeds. 

Many seed investigators have in the course of their experiments 
worked with excised embryos. They report that dormant embryos when 
placed on moist filter paper at room temperature fail to germinate norm- 
ally. This type of slow development has also been observed in cases where 
dormancy has been induced in embryos not normally dormant (18, 63). 
In some cases germination actually occurs but the seedlings are sluggish 
in their growth (11, 10, 28, 29, 63, 46, 62). Often there is merely an enlarge- 
ment and greening of the cotyledons (7, 19, 41, 17, 27). Recently, Afana- 
siev (1) suggests that viability of Magnolia acuminata seeds can be de- 
tected by the presence of a green pigment formed when the endosperm is 
injured and kept under germinative conditions. 

Tukey and Barrett (66) reported that by placing naked embryos in an 
agar medium under sterile conditions an approximate germination test for 
peach seeds could be obtained within seven days. This is the procedure 
used (64, 13, 14, 65) to obtain seedlings from immature cherry and peach 
embryos. A simpler method for rapidly determining the germinative 
power of peach seeds has been published (30). By placing excised embryos 
mixed in moist peat moss at 25° C. the non-viable seeds deteriorated while 
the viable seeds showed hypocotyl development within five to ten days. 
The percentage germination thus obtained agreed with the percentage 
germination obtained several months later when the seeds had been after- 
ripened at low temperature. 

Previously, in the experiments with excised embryos of various rosace- 
ous seeds it was observed that in the case of freshly-harvested peach seeds 
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80 to go per cent germinated (29) while with Sorbus aucuparia no germina- 
tion occurred, but the cotyledons adjacent to the moisture enlarged and 
developed a green color (27). In extending these studies, it was found that 
the viability of various dormant seeds (32) could be rapidly tested by ob- 
serving the behavior of excised embryos when placed on moist filter paper 
in petri dishes at room temperature. The results thus obtained were com- 
parable to the percentage which germinated considerably later after the 
intact seeds had been subjected to the required low temperature period. 

By the method described in this article viability of seeds can be de- 
termined within three to ten days in very dormant seeds and within a 
very short time in the case of quick-germinating seeds. The percentage 
viable as well as some indication of vigor is obtainable. While the time 
required to test the viability of seeds as compared with the germination 
of intact seeds is greatly reduced, this rapid method requires considerable 
care and patience for the excision of embryos. However, much time, 
labor, and expense can be eliminated, especially when the seeds are found 
by this quick method to be very poor or dead. 


MATERIALS AND METHOD 


After cleaning, the seeds were stored dry at room temperature. Most 
of the seeds were collected in the vicinity of the Institute, a few were ob- 
tained from outside sources. 

The viability of the seeds was tested in two ways. Excised embryos 
were kept on moist filter paper at room temperature (21° to 23° C.). The 
behavior of these embryos was compared with the percentage germination 
obtained by followmg the procedures recommended in published articles. 

The technique for excising embryos varied somewhat. After apple, 
pear, and Sorbus aucuparia seeds had soaked overnight in tap water, a cut 
was made through the outer and inner coats with a sharp scalpel and the 
coats removed. The hard outer coats of witch-hazel, Rhodotypos, plum, 
peach, hawthorn, and fringe-tree seeds were removed with the aid of a 
device used for cracking seed coats (30). The inner coats of these seeds 
were then removed as in the case of apple after soaking overnight in water. 
Embryos of Douglas fir and pines are soft and easily injured. After soaking 
in water, the outer coats of these seeds were removed, several slits made 
in the endosperm and then upon subsequent soaking in water the embryos 
usually floated away from the endosperm without any additional assist- 
ance. In the case of fringe-tree seeds, several slits were made in the endo- 
sperm; then, after being in water overnight, the embryo was removed by 
spreading the endosperm open at one of the slits. In this way the embryos 
were not injured. 

As the embryos were excised they were placed in water and with a 
brush or scalpel they were transferred to the moist filter paper. Too much 
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moisture or too high a temperature is not conducive to good development 
of the embryos. During the summer months when the temperature in the 
laboratory was high some of the cultures were placed in a 20° C. controlled 
oven with good results. For ten pieces of 15 cm. filter paper (#1 W. & R. f 


TABICH: I 
COMPARISON OF THE Two METHODS OF TESTING THE VIABILITY OF SEEDS 
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seeds stored dry at room temperature. 
Seeds stored in a sealed container at 10° C, 
Balston Ltd.) 30 cc. of tap water were used for the rosaceous embryos and 
only 25 cc. of water for the soft embryos of pine and Douglas fir. 
Since embryos only are used for the petri dish test proper corrections 
must be used if some of the original seeds are empty or contain shriveled 
embryos, 
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RESULTS 
Seeds Requiring After-ripening at Low Temperature 


A pple. Within six days after the excised embryos (Pyrus malus L., var. 
unknown) are placed on moist filter paper at room temperature the non- 
viable embryos begin to deteriorate while the viable ones appear as when 
freshly-excised or show some development (Fig. 1 C). Among the viable 
embryos some may actually germinate but often there is merely some ac- 
tivity in one or both cotyledons. As seen in Table I, the percentage viable 
in the petri dishes (duplicates of 25) compares satisfactorily with the per- 
centage germination obtained several months later when duplicate lots 
of roo intact seeds had sufficiently after-ripened at 5° C. (10). 

Pear. The correlation between the behavior of pear (Pyrus ussuriensis 
Maxim.) embryos on moist filter paper and the percentage germination of 
intact seeds is similar to that of apple. Duplicate lots of 50 seeds were 
used for the germination tests and one lot of 50 for the petri dishes 
(Table I). 

Sorbus aucuparia L. The viability of European mountain ash seeds of 
various crops was tested by the two methods with good agreement (Table 
I). In Figure 1 E the behavior on the sixth day of a non-viable embryo of 
the 1930 crop and a viable embryo of the 1937 crop is illustrated. Viable 
embryos remain as when freshly-excised or there is an enlargement of one 
or both cotyledons associated with a deep green color. Errors may arise 
if readings are made before the fifth day for seeds low in vitality may ap- 
pear to develop. However, such embryos soon deteriorate and the coloring, 
if present, is a pale yellow-green in contrast to the deep green coloration 
found in good seeds. For the germination tests duplicate lots of 200 were 
placed at 1° C.-(27). 

Rhodotypos kerrioides Sieb. & Zucc. The development of excised em- 
bryos of Rhodotypos seeds gives some indication of vigor as well as of vi- 
ability. The behavior of embryos of five crops after five days on moist 
filter paper is illustrated in Figure 1 A. The fall of vitality with age is read- 
ily seen in this figure for there is a gradual rise in vigor from the old 1932 
seeds to the recently harvested 1937 crop. On the tenth day, embryos of the 
1935, 1936, and 1937 crops had long hypocotyl growth while the behavior 
of embryos of the other two crops can be seen in Figure 1 B. Previous 
germination tests had shown that seeds of the 1932 crop were dead and 
those of the 1934 crop were very poor. Those embryos of the 1934 crop 
which show some development have a pale yellow-green color and lack 
the vigorous growth found in good seeds. Germination occurs in the more 
viable embryos. 

Witch-hazel. Four methods of determining viability were tested on 
these seeds (Hamamelis vernalis Sarg.). In Figure rt F the embryos of three 
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EXPLANATION: FIGURE 1 
(Reading from left to right in each case) 


A and B. Rhodotypos kerrioides. A. Freshly excised embryo and 5-day development on 
November 10, 1937 of 1932, 1934, 1935, 1936, and 1937 crops, respectively. Note deteriora- 
tion in typical embryo from 1932 crop, limited development in 1933 crop, and increasing 
vigor in 1935, 1936, and 1937 crops. B. Embryos of 1932 and 1934 crops after ten days. The 
1932 embryo is undergoing destruction by organisms and the 1934 embryo is still consider- 
ably behind the 5-day development of embryos from later crops as shown in A. The 1934 
embryos have a pale yellow-green color, rarely exhibit any hypocotyl development, and 
deteriorate rapidly. Embryos which show this type of development are low in vigor and a 
low percentage of seedlings is obtained when the intact seeds are after-ripened at low 
temperature. : 

C. Apple embryos. First, a freshly-excised embryo is shown and then after 6 days on 
moist filter paper two non-viable ones followed by two viable embryos showing typical 
greening of cotyledons and growth. Photographed November 9, 1937. 

D. Crataegus crus-galli. Ten-day development on February 1, 1938. The first three 
illustrations are of embryos of the 1928, 1930, and 1933 crops, respectively. The embryo 
of the 1928 crop has undergone marked deterioration while the embryos of the 1930 and 
1933 crops are also shown to be non-viable. At the same time the behavior of two viable 
embryos is shown. At the extreme right in D is an embryo of seeds of the 1936 crop which 
had been in moist peat moss at 5° C. for one year. Obviously the intact seed had not after- 
ripened during this time but had remained viable. The viable embryo of the 1935 crop 
(second from right) will with time also show similar enlargement of the cotyledon next to 
the moist filter paper. It is readily seen that viable hawthorn embryos do not exhibit the 
extreme development obtained with viable Rhodotypos seeds. 

E. Sorbus aucuparia embryos. On the left is a photograph of a freshly-excised embryo 
after which follows a dead embryo of the 1930 crop and a viable embryo of the 1937 crop 
after six days (November 18, 1937) on moist filter paper. 

F. Here are shown (November 18, 1937) embryos of witch-hazel of the 1934, 1935, 
and 1936 crops, respectively after 5 days. The 1934 embryos are dead and are undergoing 
deterioration, the 1935 embryos which are low in vitality exhibit very little activity—the 
cotyledons merely spread apart—while the viable 1936 embryos are growing. In G, H, 
and J are shown in each case two typical embryos of the 1934 and 1936 crops, the older 
embryo appearing on the left. The embryos in G have been soaked for 20 hours in a satu- 
rated solution of para-dinitrobenzene followed by one-half hour in dilute ammonia and those 
in H have been treated for 20 hours in 1 per cent potassium tellurite. J illustrates the be- 
havior of embryos after 5 days on moist filter paper. The chemical tests give some color 
even in the 1934 crop and reactions intermediate between those shown also occur so that 
it is difficult in many cases to decide which embryos are alive by chemical tests. The results 
on moist filter paper are much easier to interpret. 

K. Prunus americana embryos after several weeks on moist filter paper. All these 
embryos are viable and the various types of development are illustrated. The dead embryos 
deteriorate rapidly while the viable ones develop slowly. 

L. Fringe-tree. The embryo on the left illustrates the deterioration of a non-viable 
embryo after 4 days and the other photographs illustrate a viable embryo after 4, 6, and 
20 days, respectively. 

M. Douglas fir. A freshly-excised embryo appears on the left, next a viable and a non- 
viable embryo after 4 days on moist filter paper. 

N. Pinus rigida. A freshly-excised embryo, and after eight days a non-viable embryo 
and two viable embryos exhibiting low and high vitality respectively. 

(The coloring of the photomicrographs was done by Miss Flora White.) 


—- 


xcised embryos on moist filter paper in petri dishes at 


FIGURE 1. Development of « 


room temperature: K natural size; E, M, and N X4; all others 2. (See explanation 


on opposite page.) 
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crops after five days on moist filter paper are shown. It is readily seen 
that seeds of the 1936 crop are viable, those of the 1935 crop are very low 
in vitality, while the 1934 seeds are dead. The more viable embryos 
germinate, the dead embryos decay, while those low in vitality exhibit 
some activity in the cotyledons for water is taken in and the cotyledons 
spread apart which is a behavior never found in dead seeds. A comparison 
(Table I) of the behavior of excised embryos agrees closely with the per- 
centage germination obtained after five months at 5° C. The methods sug- 
gested by Gurewitsch (39, 40) and Sakata (58) were also used. Excised 
embryos were used because the seed coats were found to be impermeable 
to these chemicals. In Figure 1 G, H, and J the non-viable 1934 embryos 
are on the left and the viable 1936 embryos are on the right. The color of 
embryos soaked in a saturated solution of para-dinitrobenzene for 20 hours 


’ followed by one-half hour in a very dilute solution of ammonia is shown in 


Figure 1 G. Embryos were also soaked for 20 hours in a 1 per cent potas- 
sium tellurite solution. Accurate interpretation was often impossible. Thus 
with tellurium salts all degrees of coloring between those shown in Figure 
1 H were observed. For comparison the differences in behavior of dead and 
viable embryos after five days on moist filter paper may be seen in Figure r J. 

Peach. The method of handling peach (Prunus persica [L.| Stokes) 
embryos for rapidly determining the viability of peach seeds has already 
been published (30). Excised peach embryos are large and require less 
space if mixed in moist peat moss than when placed on moist filter paper. 
Either method may be used. 

Plum. The various types of development of viable excised embryos of 
Prunus americana Marsh. (wild plum) are shown in Figure 1 K. The per- 
centage germination (37) of one lot of 50 seeds is compared in Table I 
with the percentage viability of one lot of 25 embryos in the petri dishes. 


Seeds with Unusually Thick Woody Coats as Well as Dormant Embryos 


Hawthorn. In unpublished work it has been found that the extremely 
dormant seeds of Crataegus crus-galli L. must be pretreated to remove the 
effect of the seed coat and then subsequently after-ripened at low tempera- 
ture. Even under optimum conditions five to six months are necessary be- 
fore germination occurs. After ten days on moist filter paper (Fig. 1 D) the 
excised embryos of the 1928, 1930, and 1933 crops show signs of deteriora- 
tion. Previous germination tests have shown that seeds which have been 
stored dry at room temperature for three or four years are no longer 
viable. Viable embryos may remain intact as when freshly excised or the 
lower cotyledon may enlarge and develop a green color. Such behavior of 
viable embryos is shown in the figure. Incidentally, the illustration shows 
quite clearly that an intact viable seed receiving no pretreatment for elim- 
inating the effect of the seed coat had not been able to after-ripen even 
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after one year at low temperature. A partially or fully after-ripened ex- 
cised embryo shows rapid development within a few days on moist filter 
paper. More detailed experiments which are now in progress will be pub- 
lished later. 


Seeds which Are Not Very Dormant but Respond to Low Temperature 


Pines. Within three days after excised embryos of Pinus densiflora 
Sieb. & Zucc., Pinus rigida Mill., and Pinus thunbergii Parl. are placed on 
moist filter paper, some indication of their viability is obtainable. At this 
stage the viable embryos show some development while the dead ones are 
deteriorating. The results in Table I represent averages of duplicate lots 
of 25 or 40 seeds in the petri dishes and of duplicate lots of roo seeds 
planted after two months at 5° C. (3). The behavior of embryos in a lot of 
Pinus rigida seeds containing viable seeds, dead seeds, and seeds with low 
vitality is shown in Figure 1 N. Differences in vigor are noted by the extent 
of the development of the embryos during the petri dish test. 

Douglas fir. Results comparing the two methods of testing viability of 
Pseudotsuga taxifolia Brit. are shown in Table I. Due to the limited amount 
of material, these averages were obtained from a relatively small number 
of seeds. The illustrations in Figure 1 M are of a freshly-excised embryo 
and of two embryos—one viable and one non-viable—after four days on 
moist filter paper. 


Seeds with Epicotyl Dormancy 


Fringe-tree. There is a type of dormancy (4, 6, 36) whereby the root 
grows at a warm temperature but the shoot appears only after a period at 
low temperature. In unpublished work, it has been found that fringe- 
tree (Chionanthus virginica L.) seeds belong to this group. The behavior of 
the excised embryos is shown.in Figure 1 L. The non-viable seeds deterio- 
rate rapidly while the viable embryos develop slowly. The germination 
results are not yet complete so a direct comparison of the two methods can- 
not at this moment be shown in actual figures. However, in a previous 
preliminary test no germination was obtained from lots which had been 
shown by the petri dish method to be non-viable. These seeds lose their 
vitality very rapidly when stored dry at room temperature. Storage experi- 
ments are now in progress. This rapid method is being compared with 
germination tests in determining the optimum storage conditions for the 
retention of vitality. 


Quick-germinating Seeds 


Hemp. Seeds of two types (Cannabis sativa L., var. unknown) viable 
and artificially killed, were soaked for ten hours in tap water at 30° C. 
Some were planted, some placed directly on moist filter paper, and some 


oe a 
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were excised then placed on moist filter paper. These seeds germinate very 
quickly but the results from the excised embryos were produced more 
rapidly, especially in the case of the killed seeds. Upon excision it was 
noted that the killed embryos were of a different color and had not im- 
bibed much water compared with the viable embryos. After 24 hours the 
dead embryos appeared as when excised while the viable embryos had 
germinated. Differences between weak and vigorous seedlings could be 
detected more quickly in the excised embryos than in the intact seeds. 


DISCUSSION 


A rapid method of determining the viability of seeds is especially im- 
portant for use with dormant seeds since in the case of seeds which germi- 
nate readily, viability can be determined in a relatively short time. Dor- 


‘mant seeds require various procedures to induce germination (8, 9). Thus 


some seeds require a more or less prolonged period at low temperature 
during which changes take place in the seeds (after-ripening) before good 
germination occurs (24, 55). In some seeds after-ripening at low tempera- 
ture cannot properly proceed unless the very hard and impermeable seed 
coats are pretreated either by acid or by long periods in a moist medium 
at high temperature (61, 5, 56, 34, 35). The percentage germination can 
be considerably increased in certain seeds (60) when a short period at 
high temperature precedes the period at low temperature. Other seeds are 
not so dormant and may even germinate at room temperature (3, 31) but 
a prompt and often more complete germination is obtained when the seeds 
are subjected to a short period at low temperature. In still another type of 
dormant seeds the root can emerge at room temperature but the shoot 
will not appear unless the seeds receive some low temperature treatment 
(4, 6, 36). The experiments with excised embryos were designed to in- 
clude examples of seeds representing these various types of dormancy. 
The results have shown that the observation of the behavior of excised em- 
bryos serves as a good test for viability of seeds. The method has several 
applications such as testing viability of seeds prior to planting, determin- 
ing whether the seed is retaining its viability under given storage condi- 
tions, or ascertaining whether the viable seeds are after-ripening at certain 
temperatures. 

The results show that no matter how dormant a seed may be the ex- 
cised embryo usually shows some development when placed on moist 
filter paper. The embryo is therefore not incapable of growth but for some 
reason does not develop in the intact seed until proper after-ripening proc- 
esses have occurred. The various types of seeds studied differ in the ex- 
tent of development shown by the excised embryos for some grow to a 
greater extent than others. Excised embryos of peach and Rhodoty pos actu- 
ally germinate under these conditions while apple and others may germi- 
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nate but often there is merely some activity in one or both cotyledons. 
Dormancy does not appear to be due to the lack of ability of the excised 
embryo to imbibe water and develop but rather to the degree of develop- 
ment possible or the force and vigor behind such development. Thus 
growth is very sluggish in these dormant embryos. It has been shown 
(28, 13, 29, 14, 65, 63, 62) that germinated non-after-ripened embryos 
when subsequently transferred to soil will develop plants but do not, 
however, grow at a normal rate; they exhibit dwarfish characteristics for a 
number of months before apparently normal growth takes place. 

Von Veh (67) has suggested the production on a large scale of fruit-tree 
seedlings from excised embryos. Results in this laboratory as well as those 
of Davidson (13, 14), Tukey (65), and Koblet (46) indicate that seedlings 
resulting from non-after-ripened embryos lack vigorous growth for a con- 
siderable period of time. Subjecting intact seeds to a period at low tem- 
perature brings about conditions which make for vigorous growth. By 
subjecting the dwarfish plants to low temperature the period of retarded 
growth can be appreciably shortened. Thus the beneficial effect of low 
temperature can be utilized by subjecting the seedlings (14, 65) produced 
from non-after-ripened seeds to low temperature as well as by low tempera- 
ture treatment of the seeds. Peaches and Rhodotypos have been grown in 
the Institute gardens to the fruit stage and have given trees comparable 
to those obtained from after-ripened seeds. 


SUMMARY 


Experiments with a variety of different types of dormant seeds have 
shown that the viability of such seeds can be determined in from five 
to ten days by observing the behavior of excised embryos on moist filter 
paper in petri dishes at room temperature (21° to 23° C.). Non-viable 
seeds deteriorate under these conditions while viable embryos show vari- 
ous types of development. Results obtained by this method agree well with 
actual germination tests. 
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SOIL CHARACTERISTICS IN RELATION TO DISTANCE 
FROM INDUSTRIAL CENTERS 


M. M. McCoo. ann A. MEHLICH 


Disagreements and controversies relative to the action of sulphur di- 
oxide from industrial centers and metropolitan areas on soils and vegeta- 
tion were brought to our attention recently. In order to obtain additional 
information on these questions the Camden, New Jersey, Philadelphia, 
Pennsylvania, East St. Louis, Illinois, and St. Louis, Missouri, areas were 
selected for study, areas considered to have been exposed to sulphur 
dioxide over long periods of time. They also provided soils varying widely 
in buffer capacity and fertility. There are available much data relative to 


‘the sulphur dioxide content of the atmosphere at or in close proximity to 


the various stations from which samples were taken, as determined by the 
Air Hygiene Foundation (17) of the Mellon Institute, Pittsburgh, Penn- 
sylvania. 

It is assumed that in general the dosage of SO, to which the soils of 
both areas have been exposed during past years decreases with the dis- 
tances from the centers of the cities. This is probable because the land 
about both cities is comparatively level and without any points of high 
elevation. This assumption is confirmed by the SO, determinations of the 
Air Hygiene Foundation. It is also probable that the amount of sulphur 
brought down to the soil by rain decreases as the distance from the cities 
increases. 

The results of the investigations on the pH values, titratable acidity, 
base or ionic exchange, exchangeable calcium and magnesium, and the 
sulphur, sand, silt, and clay contents of soils are presented in this paper. 
Certain plant relationships are considered in another report. 


METHODS 


Collection of soil samples. Soil samples were collected in the Camden- 
Philadelphia area from sites which had remained undisturbed for many 
years, as revealed by the age of tree and shrub growth. Care was taken 
to collect samples from those areas which showed similar vegetative 
growth. The sites available for the most part were small, approximately 
40 X 80 feet. Three to six cuttings were taken from each area by means of 
a small spade. The samples in general were collected according to the 
following scheme: zero to 1 inch, 1 to 3 inches, 3 inches to the subsoil, 
subsoil to 12 inches, 12 to 15 inches, and a composite sample of the surface 
soil. The soil survey report of the Camden area (3) was utilized in the 
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selection of areas to be sampled. For samples which were collected outside 
of this region and for which no satisfactory soil map was available, classi- 
fication was based on comparisons with those described and mapped in 
adjacent areas. Samples from the East St. Louis, Illinois, and St. Louis, 
Missouri, areas were collected in a similar manner and were classified on 
the basis of soil reports (5, 13, 16). Information with reference to flooding 
was obtained from the sanitary district office of East St. Louis. 

Determination of pH. A glass electrode was employed in the measure- 
ment of pH values. Soil: water suspensions (ratio 1:2.5) were prepared, 
stirred, and the determinations made after one-half hour. 

Determination of titratable acidity. Sixty grams of soil were shaken in a 
motor-driven shaker for one-half hour with 150 ml. normal barium acetate. 
The filtrate was titrated with o.1 N NaOH, phenolphthalein being em- 
ployed as the indicator. The results are reported as ml. 0.1 N NaOH re- 
quired for filtrate from 100 grams of soil. 

Determination of base exchange capacity. Five to ten grams of the fine 
textured soils were shaken for one hour (sands one-half hour) with 250 ml. 
neutral, normal potassium acetate, digested on the steam bath for one 
hour, filtered through an 11 cm. Buchner funnel, washed with an addi- 
tional 250 ml. of potassium acetate and a few ml. of normal potassium 
chloride. The soil was then leached with alcohol and water until the leach 
was free of chlorides. The adsorbed potassium was then replaced with 
500 ml. of o.2 N ammonium carbonate. The filtrate was evaporated to 
dryness on the steam plate, the residue (consisting of potassium carbonate) 
taken up with about 200 ml. distilled water. The solution was titrated with 
an excess of o.1 N HCl, the indicator being bromo-thymol blue. Carbon 
dioxide was removed from the solution by boiling and the excess acid 
titrated with o.1 N NaOH. (Where exchangeable bases were to be deter- 
mined, the extracting solution was neutral, normal ammonium acetate.) 
The base exchange capacity was then determined by leaching the am- 
monium acetate-extracted soil with 500 ml. of o.5 N KCl and after wash- 
ing, the potassium replaced with 0.2 N ammonium carbonate. Base ex- 
change capacity is expressed as m.e. per 100 grams of soil. 

Determination of sulphur. The sulphur content of the soils was deter- 
mined by adding to five or ten grams of soil in a crucible, depending upon 
the amount of organic matter, and intimately mixing therewith, an excess 
of alcohol-saturated magnesium nitrate. The crucible was tilted so as to 
allow for an ample supply of air and the alcohol ignited. External heat was 
gradually supplied by means of a Bunsen burner just after the alcohol had 
been oxidized and the surface of the soil broken in order to admit oxygen. 
The flame was gradually raised and the soil ignited to red heat. After 
cooling, ro cc. of concentrated HCl were added, the mixture well stirred, 
and the HCI allowed to evaporate on a hot plate. The soil was then again 
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taken up with 1o ml. of HCI (1:1), heated, the soil broken up, placed in a 
filter, washed, first with dilute (1:10) HCl and then with water. The total 
volume did not exceed 150 ml. The sulphur was then precipitated as 
barium sulphate and the amount of sulphur determined either by means 
of the Parr turbidimeter or by weighing. 

Determination of soil fractions. The method of Bouyoucos was used 
for the determination of the sand, silt, and clay fractions (tr). 

Determination of exchangeable calcium and magnesium. The calcium and 
magnesium in the ammonium acetate extract was determined by the 
method of Schollenberger and Dreibelbis (19). 

The physical analysis, pH, and titratable acidity determinations were 
conducted on all samples (3 to 6 borings) for each station. The total num- 
ber of samples collected amounted to more than 1200. The base exchange 

“capacity of the samples of two borings was ascertained. The exchangeable 
bases and total sulphur values represent one boring per station. In Table I 


TABLE I 


COMPARISON OF AMMONIUM ACETATE AND PoTAssIUM ACETATE METHODS FOR THE 
DETERMINATION OF THE BASE EXCHANGE CAPACITY OF SOILS 


Ammonium acetate method res Titratable 
. . . acidity ml. 
oie Soil saturated with soa pH of soils Ile GEN NaOH 
crabs I ¥ ia per 100 
oe. coe m.e. rama soil 
100 ay 1.9 it(0) 4.99 Be. & 
102 4.4 Aes 5.0 4.76 32140 
105 edi Tis 8.0 6.92 5-3 
104 8.8 8.5 On7 5.26 B52 
106 12.2 T2210) — 5.38 41.4 
107 ast Ac) re — 5.82 Bil © 
IOI iat 16.9 7A ais 96.0 
103 20.3 2m. 2 20.6 5.06 T2270 


the results of two methods for the determination of the base exchange 
capacity in soils are compared. It will be noted that the ammonium car- 
bonate titration method compares favorably with the calcium chloride 


saturation method. 
LITERATURE REVIEW 


Wieler (21) drew attention to the earlier view that acids from smelters 
which fall on the soil are taken up by the roots of plants resulting in injury. 
He set forth his decalcification theory, namely that acids which come into 
contact with the soil unite with bases, which in turn are washed out of the 
ground resulting in a lack of bases, especially calcium. Areas denuded by 
smelter smoke were used by him as experimental plots. He found the use 
of lime to be effective in reclaiming the soils for the production of pine, 
spruce, oak, maple, beech, and beans. 
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Haselhoff et al. (10) critically reviewed much of the early literature on 
this subject including that of Wieler and Stoklasa. They concluded that 
repeated fumigations do not significantly increase the sulphuric acid con- 
tent of soils. On cultivated soils the effect of fumigation on soil acidity is 
nil, although in forest soils a gradual loss of bases takes place if these soils 
are exposed to high SO, fumigations for a long time and this only on very 
poor soils. In extreme cases on poor soils the activity of micro-organisms 
may be affected. 

Wieler (22) in replying to Haselhoff et al. quoted the results of Nigge- 
meyer in the Ruhr region where the amount of SO; falling on a square 
meter of soil annually ranged from 80 to go grams and in other parts of 
Germany it amounted to 13, 33, 87, and 98.6 grams. He also reported 
normal growth of barley where lime was used on soil made unproductive 
by smoke injury. 

Wilson (23) reported the quantity of sulphur which reaches the soil in 
rainwater at Ithaca, New York, to amount to 26.9 pounds per acre 
annually. 

Crocker (6) called attention to reports on the amounts of sulphur de- 
posited by precipitation in industrial centers of England and in different 
places in the United States and in addition to reports dealing with loss of 
sulphur from soils through leaching and crop removal. 

Eaton and Eaton (8) reported a deposition of 46.04 pounds per acre 
per year at Liberty, Indiana, and 227.45 pounds at Chicago, Illinois. The 
largest amount of sulphur was found in the winter months, a decrease in 
the spring, a minimum amount in the summer, and then an increase in the 
autumn. 

According to Kelley (12) smelter fumes have not affected the pH 
values of the soil in the Philadelphia, Pennsylvania, area. The results 
reported by Fraps and Fudge (9, p. 1016) are of interest. They buried 
18 X 24 inch glazed tile in the ground, filled them with Lufkin fine sandy 
loam, and treated the soil to a depth of five inches with different amounts 
of sulphuric acid and sulphur. They recorded the changes in pH values 
over a five-year period and found maximum acidity of the surface soil 
developed within ten weeks and that of the next two or three inches within 
four months after treatment. The acidity of all treated soils then slowly 
decreased. ‘‘Penetration of acidity in excess of two or three inches occurred 
only in series in which the surface soil became so acid that no plant growth 
could occur.” 

Byers and Strahorn (4, p. 129) claim that “‘the soils of the Northport, 
Washington, area are seriously impaired by the excessive leaching of the 
acid soluble components due to SO: from Trail smelter, B. C.”’ Although 
they did not investigate them they claim alterations of the texture and 
structure of the soil and a decrease in the amount of organic matter 
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therein by leaching due to the SO, fumes from the same source. The Trail 
smelter is located 12.5 miles north of the International boundary along 
the winding course of the Columbia River, or about 6 miles directly north 
of it. 

On the other hand, Katz, Wyatt, and Atkinson (rr, p. 22) conclude 
from much more extensive data that ‘‘the soils in Canada in the vicinity 
of Trail are being affected by the presence of smelter fumes. The effect 
consists of marked increase in the acidity of the soil, a decrease in the ex- 
changeable bases of the soil, and an increase in sulphate content. This 
effect diminishes quite rapidly with increasing distance from Trail and 
becomes negligible in the region between Columbia Gardens and the 
International boundary south of Trail. Within the Northport area none 
of the soils can be considered as showing the Trail effect with the exception 
of the limited area of mission soil near the Zurawski place which is situated 
close to the International boundary.” 

Crocker (7) testified on the basis of sulphate determinations in rain- 
water at Northport, Washington, by Griffin and Potter that less than 8 
pounds of sulphur per acre year is washed down at this place by precipi- 
tation. He also testified that this is much less than is washed down by 
precipitation in many good agricultural regions in the United States and 
cited Ames, Iowa, with 15 pounds of sulphur per acre year, Liberty, Indi- 
ana, with 46 to more than 54 pounds, and Urbana, Illinois, with 40 to 45 
pounds per acre year. 

Finally, attention should be called to the losses of lime from soils as 
indicated by the amounts to apply as recommended by authorities in the 
United States. According to Weir (20, p. 324) an acre of strongly acid 
sandy loam requires about one ton of finely powdered limestone to change 
its reaction 1 pH to a depth of five or six inches. More strongly buffered 
soils are reported to respond to two tons per acre for the production of 
general farm crops. After the establishment of the proper reaction he re- 
ports the use of rooo pounds per acre once in a four to six-year period in 
the older agricultural sections. 

Lyon and Buckman (14, p. 275) suggest a range of 1500 to 2500 pounds 
per acre of finely ground limestone be applied to sandy loam and from 
2000 to 3500 pounds to clay loam in a rotation in which red clover is grown. 

Brown and Munsell (2, p. 275) estimate ‘‘that about 300 pounds of 
limestone per acre annually will maintain a given pH in the plow layer of 
similar soils not receiving physiologically acid fertilizer.’’ The soil em- 
ployed in their studies was Charlton fine sandy loam. 

It appears, therefore, that it would require the deposition of large 
amounts of sulphur from the air to displace as much calcium from soils as 
that removed through cropping and leaching under normal conditions in 
the humid regions. 
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There is also the reaction of rain water to be considered. MacIntire and 
Young (15, p. 225) in their studies on the composition of rainfall at ten 
widely separated locations in Tennessee found all of the 320 duplicate 
titrations to be alkaline toward methyl orange and with three exceptions 
where cochineal was employed as the indicator. In commenting on their 
results they state ‘‘the consistent results upon the reaction of rain waters 
at different points and the excess of soluble bases over soluble acid radicals 
indicate that soils are not more depleted of bases, nor made more acid by 
rainfall than they would be if the precipitation were pure water. There is 
certainly just as much justification for the assumptions that the rainfall 
comporients are beneficial, as that to the contrary.’’ They also point out 
that most of the soluble sulphates found in rain waters have been dissolved 
from solid matter and that the volume of such discharged into the atmos- 
phere is the primary factor governing the concentration of sulphates in 
the rain water. They also cite the results of Crowther et al. near Leeds. 
Notably, ‘‘of 153 samples collected at seven different points, 140 were 
either neutral or distinctly alkaline to methyl orange, congo red, and 
litmus, while the remaining 13 samples were acid.’’ Furthermore, smoke 
which arises from the burning of coal ‘‘may in some cases contain its sulfur 
not mainly as sulfur dioxide, but almost entirely in the form of sulfate.” 

In addition it may be that the suspended matter in the atmosphere, 
such as soil colloids and limestone dust from different sources, reacts with 
the acid gas to form sulphates. If so, the sulphate content of the precipi- 
tation does not necessarily indicate that the soil would be depleted of 
bases to the theoretical extent. 

Pearson et al. (18) recently reported results of studies on the pH values 
of rain water. The results are as follows: 


Apr. July Oct. Jan. 

Burnley Town Hall mete! 4.0 2.6 pe 
Edinburgh, Princes Street 6.0 5-4 6.3 S03 
Liverpool, Netherfield Road 4.4 5.8 4.4 3.7 
London, Horseferry Road 6.5 8.0 6.0 4.0 
Es ew, N 5.8 6.0 4.9 Re 

He Garston, Watford 5.2 As 4.6 4.5 
Rochdale Electric Works 4% 5.6 ifs 4.6 
Southport, Hesketh Park he 5.2 4.9 4.8 


Determinations of pH of 25 samples of rain and snow collected in 
porcelain pans at the Boyce Thompson Institute from October 1937 to 
March 1938 show a mean of 4.55 with an average deviation of +0.55 pH. 
The maximum pH obtained by the quinhydrone electrode was 6.58, the 
minimum 3.44. Titration curves obtained with o.or N HCl and o.o1 N 
NaOH revealed the samples to be only slightly buffered. The results are 
similar to those reported by Griffin and Potter from Northport, Washington. 


~All 
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RESULTS 


The data for the averages of pH values, titratable acidity, base ex- 
change, and sulphur content were analyzed statistically. The regression 
coefficients on distance from the city halls and significance are presented 
in Table II. Scatter diagrams and regression lines are given in Figures 1 
to 8, inclusive. 

It is to be noted from Figure 1 that the titratable acidity in Yazoo clay 
varies significantly with distance from the city hall of East St. Louis. The 
lowest pH values for this soil type, however, were those collected within a 
distance of about 1000 feet from a chemical plant (soil 36) and a round 
house (soil 37). The other soil characteristics studied did not show such 
trends. 

According to Figure 2 only the regression line for sulphur content of 
Memphis silt loam was significant. There was no relationship between 
distance of sampling from the city hall of St. Louis, Missouri, and the 
amount of exchangeable calcium magnesium and the physical composition 
of this soil. 

As revealed by Figure 3, the regression lines for pH values, titratable 
acidity, base exchange capacity, and the sulphur content of Clinton silt 
loam are not significant. It should be noted also that the amount of sand, 
silt, and clay does not vary with distance of sampling from the city hall 
of East St. Louis. 

The Yazoo loam and sarpy fine sandy loam samples were taken from 
o to 8 inches. The pH values of the former were 3.0 miles northeast, 3.5 
miles northeast, 3.5 miles north, 5.5 miles north, 8 miles south, and 15 
miles north of East St. Louis city hall were 4.78, 5.94, 5.06, 5.79, 5-55, 
and 5.35 respectively. The samples having the lowest values were taken 
from an area adjacent to a chemical plant. These samples also had the 
highest titratable acidity, but the differences between the base exchange 
capacity and physical composition of these samples and the others were 
insignificant. 

The sarpy fine sandy loam samples were alkaline in reaction. The pH 
values were 7.34, 1 mile south; 7.03, 2.5 miles south; 7.14, 3 miles south; 
7.47, 4 miles north; 7.60, 9 miles north; and 7.33, ro miles north of the 
city hall. The variations recorded in the titratable acidity base exchange 
capacity and the amount of sand, silt, and clay in the samples were remark- 
ably narrower in range. 

The regression lines for pH values, titratable acidity, and base ex- 
change capacity of the soils collected in the Camden and Philadelphia 
areas, or sassafras sand (Fig. 4), Collington sand (Fig. 5), Collington fine 
sandy loam (Fig. 6), and sassafras loam (Fig. 7) are not significant. 
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MILES FROM CITY HALL EAST ST. LOUIS, MISSOURI 


FiGurE 1. Yazoo clay showing pH values, titratable acidity, base exchange, and total 
sulphur at varying distances from city hall of East St. Louis, Missouri. 
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FiGuRE 2, Memphis silt loam showing pH values, titratable acidity, base exchange, and 
total sulphur at varying distances from city hall of St. Louis, Missouri. 
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FiGuRE 3. Clinton silt loam showing pH values, titratable acidity, base exchange, and total 
sulphur at varying distances from city hall of East St. Louis, Missouri. 


364 CONTRIBUTIONS FROM BoyYCE THOMPSON INSTITUTE [Von. 9 


4.80 
4.66 


4.52 


4.24 
410 
40 
35 
30 


25 


TITRATABLE ACIDITY 


BASE EXCHANGE 


0 3 6 9 l2 1S 18 


MILES FROM CITY HALL CAMDEN, NEW JERSEY 


FiGuRE 4. Sassafras sand showing pH values, titratable acidity, and base exchange at vary- 
ing distances from city hall of Camden, New Jersey. 
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FiGcurE 5. Collington sand showing pH values, titratable acidity, and base exchange at 
varying distances from city hall of Camden, New Jersey. 
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Ficure 6, Collington fine sandy loam showing pH values, titratable acidity, and base ex- 
change at varying distances from city hall of Camden, New Jersey. 
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FiGuRE 7. Sassafras loam showing pH values, titratable acidity, and base exchange at 
varying distances from city hall of Philadelphia, Pennsylvania. 
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SUMMARY AND CONCLUSIONS 


Many samples of sassafras sand, Collington sand, and Collington fine 
sandy loam were collected at varying distances from the city halls of 
Camden, New Jersey, sassafras loam from Philadelphia, Pennsylvania, 
Yazoo clay, Yazoo loam, sarpy fine sandy loam, and Clinton silt loam 
from East St. Louis, Illinois, and Memphis silt loam from St. Louis, 
Missouri. 

The pH values, titratable acidity, base exchange capacity, replaceable 
calcium and magnesium, sulphur content, the percentage of sand, silt, and 
clay were determined. With the exception of the titratable acidity in 
Yazoo clay and the sulphur content of the Memphis silt loam, statistical 
analysis of the data did not show a significant trend with distance in the 
results obtained from a given soil type. These natural fumigations of SO, 
of the order of magnitude studied, caused no appreciable alteration in the 
soil characteristics. 

It is evident from these results that soils about centers of considerable 
sulphur dioxide production, like St. Louis, Missouri, have not been notice- 
ably altered in spite of many years of exposure. The slight acidulation, if 
any, is much less than the acidulation due to natural processes in the soil 
and could be overcome by slight increases in the rate of lime application. 
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NITROGEN AND SULPHUR CONTENT OF LEAVES OF 
PLANTS WITHIN AND AT DIFFERENT DISTANCES 
FROM INDUSTRIAL CENTERS 


M. M. McCoo AND ARNOLD N. JOHNSON 


In addition to the investigations on soil characteristics in the Camden, 
New Jersey, East St. Louis, Illinois, and St. Louis, Missouri areas (3) we 
have made observations on the growth conditions of the vegetation in 
them. Samples of several plant species grown on several of the stations 
located at different distances from the centers of the cities have been col- 
lected and the percentage of nitrogen, total sulphur, and sulphate sulphur 
have been determined. 

There are many reports on the sulphur content of the vegetation of 
areas adjacent to sources of sulphur dioxide, but there are only a few 
which have attempted to determine the decrease in sulphur content of the 
vegetation with increase of distance from the source of the SO». 

Fisher et al. (1) review the literature which bears on the fixation of 
sulphur dioxide and present average results of analyses of several species 
of plants. They report that sulphur dioxide polluted atmosphere increased 
the sulphur content of vegetation in the upper Columbia River valley 
through a distance of about 54 miles from the Trail, B.C., smelter. 

Katz and McCallum (2) studied the sulphur content of larch, hazel, 
ninebark, aspen, Douglas fir, and yellow pine in 1930, 1931, and 1934, in 
the upper Columbia River valley. In 1935 the two latter only were included 
in their investigations. They found that Douglas fir proved to be a more 
sensitive indicator of the distribution of sulphur dioxide than yellow pine 
and reported increases in the sulphur content of its leaves 57 miles from 
the Trail smelter. In addition they found conifer needles to absorb sul- 
phur dioxide only during the growing season and in addition the sulphur 
content of needles increases from year to year in regions where sulphur 
dioxide is present in the atmosphere. They show that the total sulphur 
and sulphate sulphur content of plants may be increased greatly without 
injury. 

METHODS OF PROCEDURE 

Specimens of goldenrod (Solidago sp., S. microphylla Engelm.) referred 
to as A and B, respectively, in tables and text, milkweed, small and large 
(Asclepias sp. and A. syriaca L., respectively), yarrow (Achillea millefoliwm 
L.), large tickle grass (A grostis sp.), ragweed (Ambrosia artemisiaefolia L.), 
smartweed (Polygonum acre HBK), dewberry (Rubus sp.), dwarf sumach 
(Rhus copallina L.), yellow locust (Robinia pseudoacacia L.), and cork elm 
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TABLE I 


REGRESSION COEFFICIENTS OF TOTAL SULPHUR AND SULPHATE SULPHUR CONTENTS ON 
DISTANCE IN THE LEAVES OF PLANTS GROWN AT VARYING DISTANCES FROM City HALLS 


[VoL. 9 


Total sulphur 


Sulphate sulphur 


Soil type Kind of plant Regression vient Regression eae 
coefficient tenet coefficient naa 
Table II 
Collington sand Yarrow —0.0002743 —0.001732 
Dewberry —0.000607 —0.000513 
Collington fine Goldenrod A —o.00998 —0.00623 
sandy loam Goldenrod B —0.002378 —0.0020279| >50:1 
Yarrow —0.0035195 —0.001494 
Table III 
Goldenrod B —0o0.00108 —o.00148 
Collington sand Ragweed —0.00239 +o0.00105 
Tickle grass (large) | —o.00771 —0.00448 
Collington fine Goldenrod B —0.00216 —o.00187 
sandy loam Ragweed —0.00448 —0.00467 
Milkweed (large) —0.00387 
Sassafras sand Tickle grass (large) | +0.00866 
Goldenrod A —0.0243 
Goldenrod B +0.00385 
Table IV 
Goldenrod A —0.0104 >50:1 | —0.00677 >Ss0s2 
Sassafras sand Goldenrod B —0o.0149 >50:1 | —0.01246 >20:1 
Ragweed —0.02043 >so:1 | —0.0236 > 20rz 
Tickle grass (large) | —o0.0205 >50:1 | —0.04735 > 20:1 
Table V 
Sumach —0.0133 >50:1 | —0.00832 > 2052 
Memphis silt Locust +0.0159 —0.0051 
loam Goldenrod B —0.01004 >50:1 | —0.0076 > 2052 
Elm —o.00569 >20:1 | —o.0o1r12 
Table VI 
Smart weed =—6,03572 => Soir | —0.0852 > 50k 
Yazoo clay Goldenrod B —0.0215 —o.0186 
Ragweed —0.0237 —0.0252 >20:1 
Milkweed (small) +0.0132 +0.0242 
Yazoo loam Smartweed —0.0231 =—6..61205 
Table VII 
" Goldenrod B —0.00125 Insufficient data 
Clinton silt loam Locust —0.0oII —0.00L7 
Sumach —0.0026 =—0.0019 
Cherry —0.00062 —0.000133 
Table VIII 
Yazoo clay, Smart weed —0.00369 —0.004 
Illinois Milkweed (small) —0.00397 —0.00414 
Yazoo loam, Smartweed —o.o0o8g1 —0.00629 
Illinois 


* Odds less than 20:1 unless otherwise 


stated. 
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(Ulmus racemosa Thomas) were collected during the summers of 1936 
and 1937 at several different stations located on certain soil types and at 
varying distances from the city halls of Camden, New Jersey, East St. 
Louis, Illinois, and St. Louis, Missouri, respectively as previously reported 
(3). It should be noted that not all of the above species of plants were 
present on each station. Leaves were removed from three or more elm, 
locust, and cherry trees and twenty-five or more of each of the other species. 
The specimens were subjected to air-drying, after which the leaves were 
removed and ground to a fine powder by means of a power-driven grinder. 


TAB EE 


SULPHUR AND SULPHATE SULPHUR CONTENT (PER CENT Dry WercutT Basis) oF LEAVES 
OF PLANTS TAKEN FROM CAMDEN, NEw JERSEY AREA JULY 7 TO Io, 1936 


Soil type Collington sand Collington fine sandy loam 
Station number 6 8 3 12 9 fi 4a 5 
Mileage* ons hes 15 36 On7 5 18 20 
Direction* ESE SSE rE NE E SE E ENE 
Goldenrod A 

Sulphur OQLGAS || Mages || Oahirs |) On ucye 
Sulphates ©. 211402006 02022) || OnOr0 
Goldenrod B 

Sulphur 2228) | On204) | Ons 6) |0l, 102 

Sulphates 0.055 | 0.048 | 0.015 | 0.000 
Yarrow 

Sulphur On2 FAN On Hy Sal On200M 02292) LOngT 2 On24 5. OL 2I 70 1OnnO0 

Sulphates ©. 208 | 0.004 | 6.057 || 0.103" 0.155 | 0.008 || o.005 | ©.007 
Dewberry 

Sulphur OmLE Ss WPOndsr || Ont25 kon 127 

Sulphates C2095 1) O110295i} 101022) OOr4! 


* From city hall. 


The Parr bomb method of procedure was followed in making total sul- 
phur determinations. The sulphates were removed by shaking three hours 
with dilute hydrochloric acid (6 ml. concentrated HCl in 500 ml. distilled 
water) and allowing to stand overnight. The standard Kjeldahl method 
modified to include nitrates was employed in nitrogen determinations. 
Careful observations were made during each visit as to sulphur dioxide 
injury to the vegetation in the areas under consideration. Numerous photo- 
graphs were taken in the East St. Louis, Illinois and St. Louis, Missouri 
areas by L. P. Flory, photographer for the Boyce Thompson Institute. 

The dates on which the areas were visited were as follows: Camden, 
New Jersey area—July 7 to 10, August 15 to 17, and September 2 to 5, 
1936; April 26 to 28, June 10 to 12, and August 6 to 8, 1937; East St. Louis 
and St. Louis areas—July 25 to 30, and October 8 to 16, 1936; May 4 to 
fo, May2s; to 27,and June 10 to 16, 1934. 
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RESULTS 


The vegetation growing in the areas under observation was examined 
carefully during each visit for sulphur dioxide injury but none was found. 

The data obtained from total sulphur and sulphate sulphur determina- 
tions were analyzed statistically with respect to distance of sampling from 
the various city halls. The regression coefficients on distance and odds of 
significance are summarized in Table I. 

The variations in the percentage of total sulphur in the leaves of yar- 
row and dewberry plants grown on Collington sand, Camden, New Jersey 
area, sampled July 7 to 10, 1936, are not significant as revealed by an 


TABLE IV 


SULPHUR AND SULPHATE SULPHUR CONTENT (PER Cent Dry WeiGuT Basis) oF LEAVES 
OF PLANTS TAKEN FROM CAMDEN, NEW JERSEY AREA AUGUST 15 TO 17, 1936 


Soil type Sassafras sand 
Station number 51 54 52 53 55a 53a 56 
Mileage* 223 4 Be5 6.5 Oe5 in 12 
Direction* NE S ENE NE S NE SE 
Goldenrod A 

Sulphur 0.427 — Onin 0.336 0.312 — 0.228 

Sulphates 0.068 — 0.035 0.038 0.031 — 0.000 
Goldenrod B 

Sulphur O.302 — 0.243 0.250 ©. 230 —_ 0.163 

Sulphates 0.176 — 0.107 0.118 0.084 _ 0.040 
Ragweed 

Sulphur 0.825 Ceara 0.789 0.785 0.788 0.645 0.635 

Sulphates 0.579 0.507 0.660 0.564 On5 2s 0.407 0.354 
Tickle grass (large) 

Sulphur 0.474 0.446 0.381 0.418 0.394 One71 Oars 

Sulphates 0.239 0.262 0.149 0.205 0.192 Onl 72 0.027 


* From city hall. 


examination of Tables I and II. It should be noted, however, that the sul- 
phate sulphur in goldenrod B, taken from Collington fine sandy loam, 
decreases significantly with the increase in distance from the city hall. 

Additional plant samples were collected from Collington sand Septem- 
ber 2 and 3, 1936, Collington fine sandy loam and sassafras sand June ro 
to 12, 1937. As shown by the regression coefficients and odds of significance 
in Table I and the data in Table III, the variations in the total sulphur 
and sulphate sulphur in the plants sampled are not significant with respect 
to the distance from the city hall. 

Plants growing on sassafras sand were collected August 15 to 17, 1936. 
As the data in Tables I and IV reveal the variations in the total sulphur 
and sulphate sulphur content of goldenrod A, total sulphur of goldenrod 
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B, ragweed, and tickle grass with distance from city hall are significant. 
The trend for sulphate sulphur content of goldenrod B, ragweed, and 
tickle grass are in the same direction. 

Specimens of sumach, locust, goldenrod B, and elm growing on 
Memphis silt loam in the St. Louis, Missouri area were collected July 25 
to 30, 1936. The results of the chemical analyses are presented in Table 
V and the statistical analyses in Table I. According to these results, the 
total sulphur in sumach and goldenrod B varied significantly with the 
distance from the city hall and the total sulphur in the leaves of elm and 
the sulphate sulphur in those of sumach and goldenrod B were in this 


direction. 
TABLE VII 


SULPHUR AND SULPHATE SULPHUR CONTENT (PER CENT Dry WEIGHT Basis) OF LEAVES 
OF PLANTS TAKEN FROM East St. Louts, ILLINOIS, JULY 25 TO 30, 1936 


Soil type Clinton silt loam 
Station number 20 39 6 4o 7 9 43 
Mileage* 6 IO LO. 14 15 23 33 
Direction* ESE NE SE NE SE SE NE 
Goldenrod B 

Sulphur 0.211 ©.199 0.193 0.226 0.183 o.153 0.188 

Sulphates ©.O017 0.000 0.000 0.000 0.000 ©.000 0.000 
Locust 

Sulphur _ 0.338 — — 0.246 0.237 0.206 

Sulphates — 0.058 — ~- 0.028 0.010 0.016 
Sumach 

Sulphur 0.238 0.378 0.212 0.192 — 0.210 0.207 

Sulphates ©.117 0.205 0.084 0.087 — 0.075 0.093 
Cherry 

Sulphur 0.118 Oni 53 —- --- — 0.096 0.125 

Sulphates 0.013 0.015 — — — 0.010 ©.O1L 


* From city hall. 


The results of the chemical analysesof the leavesof plants removed from 
Yazoo clay and Yazoo loam in the East St. Louis, Illinois area July 25, to 
30, 1936 are presented in Table VI and the statistical summary in Table I. 
According to the latter the regression coefficients on distance for total 
sulphur and sulphate sulphur in smartweed grown on Yazoo clay are sig- 
nificant, and there is the same trend in the sulphate sulphur in ragweed. 
There are no trends for these in goldenrod B, ragweed, and smartweed re- 
moved from Yazoo loam. 

Samples of goldenrod B, locust, sumach, and cherry were collected 
from Clinton silt loam in the East St. Louis area on the above dates. 
According to the statistical analyses (Table I) and the results of analyses 
presented in Table VII the variation in the sulphur and sulphate sulphur 
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with distance from the city hall were not significant. In no case were the 
odds greater than 20:1. 

Smartweed and milkweed (small) were collected from Yazoo clay and 
the former from Yazoo loam June ro and rr, 1937, and the usual deter- 
minations made. It is to be noted from Table I that the results obtained 
from these early samplings are not significant. According to the results 
in Table VIII the sulphur and sulphate sulphur content, however, were 
highest in those samples which were in close proximity to the city hall. 


TABLE VIII 


SULPHUR AND SULPHATE SULPHUR CONTENT (PER CENT Dry WEIGHT Basis) OF LEAVES 
OF PLANTS TAKEN FROM East St. Louts, ILLINoIs AREA JUNE 10 TO 11, 1937 


Soil type Yazoo clay, Illinois Yazoo loam, Illinois 
Station number 80 71 74 1S 82 83 51 I 69 73 
Mileage* 3 8 33 35 4I 42 Tis 3 7 24 
Direction* E NE S S S S S NE N S 
Smartweed 

Sulphur 0.352] 0.221) 0.176] 0.204 CO) LGs4| Casi) On sies| OoOis 

Sulphates 0.250] 0.136] 0.115| 0.062 0.371| 0.187] 0.139] 0.136 
Milkweed (small) 

Sulphur ©.705| 0.525| 0.566] 0.273] 0.491] 0.577 

Sulphates Ons 2a) On sec 0.3 70) O1l27)) Ongr3l| 0.325 


* From city hall. 


Many additional samples were analyzed. Since they represent only 
two or three stations they are not presented. It should be noted, however, 
that the highest sulphur and sulphate sulphur contents, with few excep- 
tions, were found to be in those within or in close proximity to the various 
city limits. 

The nitrogen content of all samples collected was ascertained. Although 
the results are not given, attention should be called to the fact that there 
was no relationship between the total sulphur content and the amount of 
nitrogen in the leaves. High nitrogen values were often associated with 
high and low total sulphur contents. 


SUMMARY 


It is to be concluded from these studies that the sulphur dioxide from 
smoke-producing areas did not adversely affect the vegetation in the Cam- 
den, New Jersey, East St. Louis, Illinois, and St. Louis, Missouri areas. 
With few exceptions, the total sulphur and sulphate sulphur contents of 
the leaves of the plants collected did not decrease significantly with dis- 
tance from the sources of SO. Although comparatively few of the individ- 
ual regression coefficients differed significantly from zero, the fact that 30 
out of 34 with regard to total sulphur, and 27 out of 29 with regard to 
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sulphate sulphur were negative in sign, makes it quite clear that, on the 
whole, there is a significant decrease in sulphur content of the plants with 
increase in distance from the sources of sulphur dioxide. 
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X-RAY DIFFRACTION ANALYSIS-AND ITS APPLICATION 
TO OTHE STUDY OF PLANT-CONSTITUBNTS! 


Wayne A. SISSON? 


The word ‘‘X-ray”’ usually suggests to the layman a radiograph of a 
decayed tooth or a broken bone; to the botanist it may suggest some of 
the biological effects of radiation; but to the physicist or chemist it is 
certain to suggest the phenomenon of diffraction. This latter phase of 
X-ray work will be discussed in the present paper. / ® 


CRYSTAL STRUCTURE AND X-RAY DIFFRACTION 


This particular branch of science is based upon the facts, (a) that most 
solid materials are crystalline, and (b) that X-rays are diffracted in passing 
through crystalline materials. 

By modern definition, a crystalline material is one in which the atoms 
or molecules are arranged in an orderly fashion. Thus, if atoms were large 
enough to see, it would be possible to observe several planes of atoms as a 
sodium chloride crystal is viewed from different angles. If a beam of X-rays 
is passed through this arrangement a small portion of the beam is dif- 
fracted away from the main beam by each one of the set of planes repre- 
sented in Figure 1 A. 

The diffraction pattern shown in Figure 1 B illustrates what happens 
when X-rays pass through a single crystal of iron. The center spot is the 
undiffracted beam. Each one of the outer spots is the diffracted ray from 
a particular family of planes in the crystal lattice. 

X-ray diffraction takes place according to a definite law. In Figure 1 C 
are represented two planes of atoms, with the X-ray beam passing through 
at angle 6. X-rays are reflected by the top layer, and also by the second 
layer. Whenever the distance d between these two layers and the angle 6 
is such that the distance c p b is equal to the wave-length of the X-rays, 
then the reflected wave at } will be in phase with that at a and they will 
reinforce each other to produce a diffracted ray. Thus, if the wave-length \ 
of the X-rays, and the angle # at which they are diffracted are known, it is 
possible to calculate the distance d between the two layers of atoms from 
the equation nA = 2dSiné. 


EQUIPMENT AND EXPERIMENTAL TECHNIQUE 
Figure 2 A is a photograph of the equipment used in making the diffrac- 
tion patterns shown later. In front is the regulating stand. The high tension 


1 Presented before Section G of the American Association for the Advancement of 
Science at the Indianapolis, Indiana meeting, December 27-31, 1937. 

2 Cellulose Department, Chemical Foundation, Boyce Thompson Institute for Plant 
Research, Inc., Yonkers, N. Y. 
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transformer is mounted inside the cylindrical case, and the X-ray tube on 
top in a vertical position. The slit system and the holder for the X-ray 
film are also shown in the photograph. 

Figure 2 B is a sketch of the X-ray tube. The lighted tungsten filament 
gives off negatively charged electrons which bombard the positively 
charged copper anode to produce X-rays. The X-rays emerge from the 
tube through a thin glass window, and pass through two slits which pro- 
duce a parallel beam. The parallel beam passes through the sample, and 
the diffraction pattern is registered on the X-ray film. 

The short wave-length X-rays used in making radiographs can not be 
used for diffraction work. A softer monochromatic beam is necessary. 
Copper radiation, generated at 28,000 volts, with a characteristic wave- 
length of 1.54 A was used for the present work. 

In order to illustrate X-ray diffraction analysis, it will be applied to 
the study of young cotton fibers (Cossypium hirsutum L.). To prepare the 
sample for analysis, the fibers are dissected from the seed, arranged in a 
parallel bundle and allowed to dry. The bundle is then mounted in front 
of the X-ray beam in the position shown in Figure 2 B. 

By the use of a special micro-technique it is possible to photograph 
single fibers, but the usual technique employs a bundle of fibers about 1 
mm. thick. 

After a one-hour exposure, the pattern shown in Figure 3 A is obtained 
from a bundle of 25-day-old cotton fibers. The black spot in the center is 
the undiffracted beam. The white area around it is the shadow of the lead 
cup used to stop the undiffracted beam. Farther out are several rather 
vague diffraction rings superimposed upon a fogged background. 


INTERPRETATION OF DIFFRACTION PATTERN 


What information regarding a young cotton fiber can one obtain from 
these few diffraction rings and a fogged background? 

First, the pattern tells us that both amorphous and crystalline ma- 
terials are present. To illustrate typical amorphous and crystalline pat- 
terns, in Figure 3 B is shown the pattern of a simple hydrocarbon, namely 
paraffin, in the melted or liquid state. The pattern consists of a broad band, 
similar to that often observed around the moon. If the liquid is allowed to 
solidify, the solid gives the pattern shown in Figure 3 C containing definite 
diffraction rings. 

Figure 3 D is the pattern of a complex material, namely lignin, in the 
dry condition. The pattern consists of a fogged disk. The material is 
amorphous. Figure 3 E is the pattern of the compound indoleacetic acid, 
extensively used as a growth-promoting substance, which exists as definite 
crystals. The pattern consists of many diffraction rings. 

Thus, from analogy, it may be concluded that the young cotton fiber 
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contains both complex amorphous and crystalline materials. 

Second, there are several crystalline materials present. If the bundle 
of 25-day fibers is extracted consecutively with water, chloroform, am- 
monium citrate, and dilute sodium hydroxide, the extracted fibers give the 


FIGURE 3. Interpretation of diffraction pattern: (A) X-ray pattern of 25-day-old cotton 
fibers (Gossypium hirsutum L.); typical amorphous and crystalline X-ray patterns, (B) 
liquid wax, (C) solid wax, (D) lignin, (E) indoleacetic acid; representative crystalline cotton 
fiber constituents, (F) cellulose, (G) waxes, (H) pectic acid, (I) sugars; amorphous fractions 
extracted from cotton fiber, (J) sodium hydroxide, (K) ether, (L) alcohol, and (M) potas- 
sium hydroxide extract of young fibers. 


pattern shown in Figure 3 F. From the number of rings, their diameter and 
relative intensity, this pattern may be identified as that of cellulose. The 
material recovered from the chloroform extract gives the pattern in Figure 
3 G, which is that of a wax. Figure 3 H is the material extracted at 75°C. 
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with ammonium citrate. It may be identified as pectic acid. If the un- 
treated fibers are allowed to dry slowly at low temperatures, a material 
crystallizes out which gives the pattern of Figure 3 I. It is probably due to 
the sugars present in the young cotton fibers. 

Third, more than one amorphous material is present. By the use of 
various solvents it is possible to isolate from the young cotton fibers four 
fractions which give the amorphous patterns shown in Figure 3 J, K, L, 
and M. Although it is impossible to identify these constituents from their 
X-ray diagram, these patterns at least tell us that the materials are 
amorphous and that they are different. 


DETECTION AND ESTIMATION OF PLANT CONSTITUENTS 


In addition to identifying plant constituents, X-rays may sometimes 
be used to estimate approximately the amount present. For example, 
Figure 4 A contains the diagram of a sample of lignin suspected of contain- 
ing cellulose. When the lignin was extracted with sodium hypochlorite 
(Fig. 4 B) the residue gave a definite cellulose diagram (Fig. 4 C). By 
photographing mixtures containing known amounts of cellulose and lignin, 
and comparing the patterns with that of the unknown, the conclusion is 
reached that cellulose is present to the extent of about 2 or 3 per cent. 

The unique asset of quantitative X-ray analysis is that the analysis 
can be made without destroying the sample. Furthermore, it detects types 
of structure, and not the mere presence of an element. In contrast to 
spectrographic analysis, X-ray diffraction analysis is far less sensitive. 
Relatively large amounts must often be present for X-ray detection, es- 
pecially when dealing with biological materials. 

The difficulty often encountered in detecting a substance by its X-ray 
pattern is illustrated in the case of the young cotton fiber. Figure 4 D, E, 
F, G, and H shows the X-ray diagram of unextracted young cotton fibers 
10, 25, 30, 35 days, and after maturity, respectively. The cellulose diagram 
does not appear until about the thirtieth day when cellulose is present to 
the extent of about 35 per cent. The wax diagram, however, which is 
present at the early stages, does not disappear until it has decreased to a 
concentration of about 3 or 4 per cent. One might easily erroneously con- 
sider these data as proof for the absence of cellulose at the early stages of 
fiber development. 

If the young cotton fibers, however, are treated with a series of reagents 
to remove all the non-cellulosic constituents, they all give characteristic 
patterns of cellulose, shown in Figure 4 I. 

In this way it has been possible as early as the sixth day to identify 
cellulose which crystallographically is identical with that of the mature 
fiber. Cellulose, once it is formed, does not change its crystalline structure 
with age. Cotton fibers from Egyptian tombs, supplied by Dr. Lansing of 
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Ficure 4. Detection and estimation of plant constituents: presence of cellulose in 
lignin, (A) lignin, (B) cellulose from lignin, (C) cotton cellulose; detection of cellulose in 
young cotton fibers, (D) 10, (E) 2s, (F) 30, (G) 35, (H) so0-day-old fibers, (1) same as (D) 
after extraction; presence of cellulose in Valonta cytoplasm, (J) original cytoplasm, (K) 
cellulose obtained from cytoplasm by extraction, (L) cellulose from cell wall. 
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the Metropolitan Museum, have the same crystalline structure after 
3000 years. 

The small size of the cotton fiber does not readily lend itself to a more 
detailed study regarding where the crystalline cellulose is first formed. The 
large cell Valonia, however, readily lends itself to a separation of mem- 
brane and cytological material. Figure 4 J is the diagram of cytoplasm 
carefully collected from Valonia ventricosa Bérgesen. Figure 4 K is the 
same material after non-cellulosic constituents have been removed. The 
pattern is the same as that of the cellulose in the mature cell wall shown in 
Figure 4 L. This indicates that crystalline cellulose is present not only in 
the cell wall but also in the cytoplasm. 


CELLULOSE ORIENTATION IN THE CELL WALL 


Another type of information obtainable from the X-ray pattern is 
whether or not the cellulose has a preferred orientation. To illustrate 
orientation, Figure 5 A is the diagram of ramie in which the cellulose 
crystallites, as illustrated diagrammatically above, are oriented parallel 
to the fiber axis. The diffraction rings, instead of existing as continuous 
circles, as they do in the pattern of randomly oriented cellulose shown in 
Figure 5 B, are now concentrated into arcs. The orientation of cellulose 
in mature cotton lies midway between these two extremes. 

An X-ray study of young cotton fibers shows that the preferred orien- 
tation associated with mature cotton does not develop until approximately 
the thirtieth or thirty-fifth day. The diagrams of parallel extracted fibers 
25, 30, 35, and 4o days old, are shown in Figure 5 C, D, E, and F, respec- 
tively. These diagrams indicate that the cellulose first formed has a more 
random orientation than that later deposited in the cell wall. 

The submicroscopic crystalline structure revealed by X-rays usually 
runs parallel in the cell wall to microscopically visible configurations such 
as fibrils. This may be illustrated in the single-celled plant Valonia, which 
was first brought to the attention of X-ray workers by Professor Sponsler. 
Figure 5 G is a photomicrograph, and Figure 5 H the X-ray diagram of the 
same section of Valonia with the X-ray beam perpendicular to the cell 
wall. The angle between the X-ray arcs is approximately the same as that 
between the striations. 

In the cotton fiber the striations or fibrils are arranged in a more irregu- 
lar fashion than in Valonia, The width of the X-ray are in Figure 5 J is 
a measure of the deviation of the fibrils with reference to the cotton fiber 
axis as shown in the photomicrograph in Figure 5 I. 

The type of orientation in a few miscellaneous fibers is illustrated in 
Figure 5 K, L, M, N, O, and P. Figure 5 K is flax in which the orientation 
is parallel to the fiber axis. Figure 5 L is cotton with a rather wide devia- 
tion. Figure 5 M is the stem of the cotton plant. Part of the orientation is 
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FIGURE 5. Cellulose orientation in the cell wall: X-ray patterns and diagrammatical 
sketches (after Meyer) illustrating random and preferred orientation, (A) preferred, (B) 
random; development of cellulose orientation in cotton fibers, (C) 25, (D) 30, (E) 35, (F) 
4o-day-old fibers; comparison of X-ray and microscopic orientation of Valonia, (G) photo- 
micrograph, (H) X-ray pattern, and of cotton, (1) photomicrograph, (J) X-ray pattern; 
X-ray patterns illustrating orientation in different fibers, (IX) flax, (L) cotton, (M) cotton 
plant stem, (N) summer wood of yellow pine (Pinus palustris), (O) compression wood of 
yellow pine, (P) spring wood of slash pine (Pinus heterophylla). 
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parallel to the fiber axis, but the major portion of cellulose has a random 
orientation. 

The summer wood of normal yellow pine (Pinus palustris Mill.) with a 
fairly parallel orientation is shown in Figure 5 N. Figure 5 O is yellow pine 
compression wood, which has a constant spiral orientation, giving four 
arcs similar to Valonia. Slash pine (Pinus heterophylla Sudw.) spring wood 
with a random orientation is shown in Figure 5 P. 


CRYSTAL SIZE AND STRUCTURE OF CELLULOSE 


A further deduction from the X-ray diagram is that the cellulose crys- 
tals are very small. 

To illustrate the effect of crystal size on the X-ray pattern, Figure 6 A 
is the Laue pattern of a single crystal of sucrose 1 mm. thick. The pattern 
is composed of spots. Figure 6 B is the same material ground into smaller 
crystals approximately 0.1 mm. thick. The spots have decreased in size 
and increased in number. Figure 6 C is the same material ground into still 
smaller crystals about o.oo1 mm. thick. The spots are now so small and 
so numerous they form continuous rings. This type of pattern is called a 
powder or Debye-Scherrer diagram. Figure 6 D is the material after being 
heated to the melting point and allowed to cool to a glassy amorphous 
mass. The largest organized unit in this amorphous state is the molecule 
itself. 

Thus, from analogy, since cellulose gives continuous rings (Debye- 
Scherrer diagram), it may be concluded that the cellulose molecules are 
organized into larger crystalline building units which are still very small. 

Theoretically, it is possible to calculate from the X-ray pattern the 
size of crystals when their dimensions are within the colloidal range. As 
the crystal size decreases the diffraction lines get broader. In the pattern 
of ramie shown in Figure 6 E the diffraction lines are broader in the hori- 
zontal than in the vertical direction. On the basis of these data certain 
investigators have calculated that the cellulose crystallite is a rod-like 
micelle over 500 A long and about so A in diameter. These calculations, 
however, are based upon certain assumptions which, in the light of more 
recent data, do not seem to be entirely justified. 

The exact size and nature of the cellulose crystal, in the writer’s opin- 
ion, is still an unsolved problem. Whether the cellulose crystal must be 
considered as a definite micelle (as shown in Figure 6 F), as an area of per- 
fect arrangement of cellulose chains, separated by areas of less organized 
or amorphous portions (as represented diagrammatically in Figure 6 G), or 
whether it is a microscopically visible particle (shown in the photomicro- 
graph of Figure 6 H) is yet to be proven. 

The type of information to which X-rays make a most useful and 
unique contribution, is the determination of the unit cell or crystalline 
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MERCERIZED 


Ficure 6. Crystal size and structure of cellulose: effect of crystal size on X-ray pattern 
of sucrose, (A) 1 mm., (B) 0.1 mm., (C) 0.001 mm. thick, (D) same as (C) after melting; 
(E) X-ray diffraction fiber pattern of ramie; suggested forms of cellulose crystallite, (F) 
definite micelles (after Meyer), (G) areas of more perfect crystallization (after Sauter), 
(H) cellulose particles (Farr); crystalline structure of cellulose, (1) side view of unit cell 
arrangement (after Meyer and Mark), end view of cellulose unit cell (after Andress): (J) 


native, (K) mercerized form. 
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structure. Owing to the lack of large single crystals the determination for 
cellulose is extremely difficult, and some of the details are still unsolved; 
but from the number, diameter, intensity and position of diffraction spots 
in a fiber pattern, several independent workers have calculated that the 
CsHyOs units are connected by primary valences to form long chains 
which have approximately the arrangement with reference to each other 
shown in Figure 6 I and 6 J. 

From this unit cell structure certain basic physical properties of cellu- 
lose originate. For example, the arrangement of the molecules in the unit 
cell explains why cellulose has different refractive indices along different 
axes, and why it shows extinction in polarized light. 


EFFECT OF CHEMICAL REAGENTS ON CELLULOSE STRUCTURE 


The vast amount of information that X-ray diffraction analysis has 
contributed regarding the mechanism of cellulose reactions will be illus- 
trated by the three diagrams shown in Figure 7 A, B, and C. These dia- 
grams, following the course of cellulose acetate formation, show the reac- 
tion to be not of the usual homogenous type, but a heterogeneous colloidal 
surface reaction. 

The many special problems to which X-rays have contributed infor- 
mation beyond the range of other techniques are illustrated with the one 
example, namely swelling. 

Figure 7 D is the X-ray diagram of ramie. If the fibers are swollen with 
water, weak acids or alkalies, the X-ray diagram does not change. If, 
however, the fiber is swollen with strong alkalies, acids, or certain other 
reagents, of which the example shown in Figure 7 E is an organic base, 
then an entirely new diagram is obtained. In the first case the swelling 
has taken place between the crystallites—intermicellar swelling it is called. 
In the second case the swelling has taken place between the molecules 
within the crystallite—it is called intramicellar swelling. Always in the 
case of intramicellar swelling, the final diagram (Fig. 7 F) obtained after 
the removal of the swelling reagent is different from the original (Fig. 
7 D). The cellulose has assumed a new crystalline structure called the 
hydrated or mercerized form, 

These two polymorphic crystalline forms (native and mercerized), illus- 
trated in Figure 6 J and Kk by an end view of their unit cell structure, are 
in a way analogous to the rhombic and monoclinic forms of sulphur. Cloth 
made of viscose rayon or mercerized cotton has the mercerized type of 
crystalline structure, that of untreated cotton, the native type. 


SCOPE AND LIMITATIONS OF X-RAY ANALYSIS 


In this paper attention has been concentrated on one fiber—cotton— 
and on one constituent of that fiber—cellulose. 


FicurE 7. Effect of chemical reagents and growth conditions on cellulose structure: 
formation of cellulose acetate, (A) cotton, (B) cellulose and cellulose acetate, (C) cellulose 
triacetate; swelling of cellulose, (D) ramie fibers, (E) after swelling with organic base, (F) 
after removal of swelling reagent; comparison of Valonia ventricosa and Halicystis ovals, 
(G) Valonia with X-ray beam parallel to membrane, (H) same as (G) with beam perpendicu- 
lar, (I) Halicystis with X-ray beam parallel, (J) same as (I) with beam perpendicular; mer- 
cerized structure of Halicystis, (K) X-ray diagram of cellulose from Halicystis, (L) mercer- 
ized cellulose from cotton, 
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In discussing the application of X-ray analysis to plant constituents, 
it is to be remembered that X-ray analysis as a separate science is adapted 
primarily to the study of materials that exist as definite crystals, such as 
rock salt or steel. For that reason the complicated colloidal materials of 
biology have been largely avoided by X-ray workers. Furthermore, its 
application to the study of living materials is greatly limited because of 
(a) its inability to photograph sections or materials of microscopic dimen- 
sions, and (b) the interference of water, which is always present in living 
materials. In most cases the sample to be examined must be dry. Perhaps 
the newer science of electron diffraction may help in dealing with surfaces 
and smaller specimens, but here too the presence of water in living ma- 
terials is still a problem. 

Although the method has limitations, X-ray diffraction analysis has 
certain definite contributions to make. It is the author’s belief that the 
future hope of X-ray diffraction analysis applied to the study of plant 
constituents lies in a more close cooperation with other techniques. 


CORRELATION OF X-RAY AND MICROSCOPIC RESULTS 


The use of X-rays in connection with another technique may be illus- 
trated by referring to cooperative X-ray and microscopic work on Jali- 
cystis. In Figure 7 G and H are the X-ray diagrams of Valonia ventricosa 
with the X-ray beam parallel (Fig. 7 G) and perpendicular (Fig. 7 H) to 
the membrane. Corresponding diagrams of Halicystis ovalis Kuckuck with 
the X-ray beam parallel and perpendicular are shown in Figure 7 I and J, 
respectively. Microscopic work in our laboratories has shown that Halhi- 
cystis differs from Valonia in the arrangement of the cellulose and in the 
nature and amount of non-cellulosic materials present. The visible pres- 
ence of large amounts of non-cellulosic materials readily accounts for the 
presence of an additional line in the X-ray diagram of Halicystis (Fig. 7 1). 
The microscopic data also explain why the X-ray diagrams perpendicular 
to the membranes (Fig. 7 H and J) show a difference in orientation. On 
the other hand, by the use of X-rays, a selective type of orientation which 
is beyond the range of detection by microscopic analysis is found common 
to both Valonia and ITalicystis with the beam parallel to the membrane 
(Fig. 7 G and I), 

In addition, the unusual behavior of the cellulose in Halicystis is fur- 
ther elucidated by the fact that the cellulose is in the hydrated or mer- 
cerized crystalline form, This difference in crystalline structure is illus- 
trated in Figure 7 I which is the diagram of cellulose isolated from the 
sample of Halicystis shown in Figure 7 I. In Figure 7 L, for comparison, 
is the diagram of mercerized cellulose from cotton. To the author's knowl- 
edge, Halicystis is the first known example in which nature has deposited 
cellulose with a mercerized crystalline form, The structure of Halicystis, 
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however, may be thought of as unusual, simply because many members of 
the plant kingdom are still unexamined. Perhaps the exploration of new 
species may produce still other unexpected results. 


SUMMARY 


With the use of X-ray diffraction analysis the presence of amorphous 
material and the identity of several crystalline materials are demonstrated 
in the young cotton fiber. The limitations of qualitative and quantitative 
X-ray analysis are discussed and illustrated in the detection of cellulose 
in lignin and at the early stages of cotton fiber growth. The development 
of orientation in the growing fiber is followed, and the X-ray orientation 
compared with the microscopic structure. X-ray possibilities in the deter- 
mination of crystal structure, the study of chemical reactions, and the 
phenomenon of swelling are briefly pointed out. The limitations and pos- 
sible correlations of X-ray with microscopic data are illustrated with ap- 
plications to Halicystis. 


COMBINING TREATMENTS FOR DISINFECTING 
POTATO TUBERS WITH TREATMENTS 
FOR BREAKING DORMANCY! 


F. E. DENNY 


Inquiries have been received as to whether potato tubers that had been 
treated with the usual chemical disinfectants could then be used for dor- 
mancy-breaking treatments with ethylene chlorhydrin, sodium thiocya- 
nate, and thiourea. 

Experiments undertaken as a result of these requests for information 
show that the ethylene chlorhydrin vapor treatment (4, p. 284) may be 
applied successfully to tubers previously disinfected with mercuric chlo- 
ride, yellow oxide of mercury, or formaldehyde; and further, that tubers 
treated first with the ethylene chlorhydrin may then be treated with any 
one of these three disinfectants. 

However, when whole tubers previously treated with either of the 
mercury disinfectants were cut into pieces, they could not then be treated 
satisfactorily by the ethylene chlorhydrin ‘‘dip’’ method (3, p. 161), since 
rotting of seed-pieces often occurred; successful results with this method 
were obtained if formaldehyde was the disinfectant for the whole tubers 
previous to the application of the ‘‘dip’’ treatment. 

Tubers previously disinfected with any of the three disinfectants were 
suitable for treatments in which the cut tubers were soaked in solution of 
either sodium thiocyanate (3, p. 158) or thiourea (2). 


METHODS 


Disinfectants. The treatments with mercuric chloride (HgCle) and for- 
maldehyde (HCHO) were those recommended by Stuart (5, p. 323, 324), 
the tubers being soaked 1.5 hours in a solution containing EgCl: in the 
proportion of 4 ounces to 30 gallons of water, or for 2 hours in a solution 
containing formaldehyde (37% HCHO) in the proportion of one pint to 
30 gallons of water. The yellow oxide of mercury treatment was that de- 
scribed by Cunningham (1), the dipping solution being in the proportion 
of one pound of HgO to r5 gallons of water, the suspension being stirred 
thoroughly before the tubers were dipped into it. After the tubers had 
been disinfected they were dried thoroughly before being used for the 
chemical treatments for shortening dormancy. 

Dormancy-breaking treatments. For the ethylene chlorhydrin whole- 
tuber treatments, the tubers were placed in glazed earthenware jars, and 
the chemical was permitted to evaporate from pieces of cheesecloth spread 
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loosely upon a watch-glass placed on top of the tubers. The ethylene 
chlorhydrin used was the usual commercial 40 per cent material. Sealing 
of jars was accomplished with modeling clay. After the treatments with 
disinfectant and ethylene chlorhydrin the tubers were allowed to stand 
in air in paper bags for four days before being cut into pieces and planted. 
In some tests samples were also stored in this manner for 14 days and the 
results were similar to those with tubers stored four days. 

For the chlorhydrin ‘‘dip’’ treatments the tubers were cut into pieces 
weighing approximately 25 grams each, which were put in glass Mason 
jars; they were covered with an aqueous solution containing 50 cc. of 40 
per cent ethylene chlorhydrin per liter which was at once poured off and 
the excess of the solution was dislodged from the potato tissue by shaking 
the inverted jar; the jar was closed and stored for 24 hours at room tem- 
perature. 

For the sodium thiocyanate and thiourea treatments the tubers were 
cut into pieces (as described in the preceding paragraph), and these were 
soaked for one hour in a solution containing either ro grams of NaSCN, 
or 20 grams of NH2CSNH2: per liter. At the end of the treatment the solu- 
tions were poured off and the treated seed-pieces were planted at once 
without rinsing. 

The treated seed-pieces with their corresponding controls were planted 
in soil in flats which were stored in tiers at room temperature. At intervals 
of 4 to 7 days the flats were examined and the seed-pieces showing sprouts 
above ground were counted and removed. The tables in this paper show 
the number of days for 90 per cent emergence of sprouts, this criterion 
being selected as most suitable for evaluating the results, since it serves as 
a measure not only for rate of emergence, but also for the proportion of 
seed-pieces which could produce plants. 


RESULTS 
TREATMENTS OF INTACT TUBERS 


The results with the treatment of tubers with ethylene chlorhydrin 
either before or after disinfection with chemicals are shown in Table I. 
When the amount of chlorhydrin was 0.4 cc. per 100 g. of tubers (Columns 
3 to 6), 28 out of 32 lots showed go per cent emergence within 30 days from 
planting. This seems satisfactory in view of the fact that the control tubers 
(Columns 11 and 12) required 58 to 120 days to reach this stage. A treat- 
ment of 0.2 cc. per roo g. of tubers (Columns 7 to 10) was successful in 14 
out of 16 lots with Bliss Triumph, but showed only 7 successes out of 16 
with Irish Cobbler, although these 9 lots, referred to as failures because 
the 30-day limit was not reached, showed average gains of about 45 days 
over the corresponding controls. 

It is true that in about four-fifths of the comparisons the lots which 
were not disinfected germinated sooner than those that had been disin- 
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TABLE I 


EFFECT OF TUBER DISINFECTANTS ON THE ETHYLENE CHLORHYDRIN MrTHOD OF TREATING 
INTACT TUBERS 


Time in days for 90 per cent emergence 


Chlorhydrin treatment Chlorhydrin treatment 
Days 0.4 cc. of 40% per roo g. 0.2 cc. of 40% per 100 g. 
after | - of tubers for 5 days of tubers for 5 days Control, not 
[ae pee treated with 
shed ence Time of disinfection Time of disinfection tee 
ments 
began Before Afterward Before Afterward 


| Bliss | $°>- | Bliss | $0>- | Biiss | €9>- | Buiss | CO>-| Bliss | Cob- 
HgCl. 24 | 18 19 25 20 23 19 37 98 104 
HgO 31 * 15 0g 17 44 24 ag 104 120 
18 23 24 30 II oat) 107) Be 82 84 
None r3 18 16 1) 14 15 12 27 68 86 


~ 
a0) 
oO 
an 
e) 


a HgCls 18 24 17 22 14 49 31 38 66 81 
os HgO 15 13 24 43 10 47 Mit 64 60 78 
= HCHO) 13 24 13 34 14 17 15 56 58 64 

None 13 10 20 20 13 10 26 28 59 62 


* 90% emergence not reached because of rotting of seed-pieces. 


fected either before or after the chlorhydrin treatment, but if disinfection 
must be carried out, the data in Table I indicate that the chlorhydrin 
treatment can be applied successfully, even though the gain in time may 
not be as much as would be obtained without disinfection. 

One reason that the lots disinfected with mercury lagged behind 
those not disinfected may be found in the fact that the corresponding con- 
trols (not treated with chlorhydrin) were delayed in their germination. 
With the seven-day Bliss lots (Column 11), the delay in mercury-treated 
lots was about 30 to 36 days, and with the Cobbler lots (Column 12) 18 
to 34 days. This retardation due to mercury disinfection was less extensive 
in the 14 to 21-day lots, and may be an effect produced particularly when 
the disinfectant is applied to tubers soon after harvest. 

There is not sufficient evidence in Table I to show whether it is pref- 
erable to disinfect the tubers before treating with ethylene chlorhydrin or 
afterward. More extensive tests are needed on this point, nor is a prefer- 
ence among the three disinfectants apparent from the results so far ob- 
tained, at least in relation to suitability of combination with the ethylene 
chlorhydrin treatment of intact tubers. 


TREATMENTS OF CUT TUBERS AFTER THE INTACT TUBERS 
HAD BEEN DISINFECTED 


Tubers that had been disinfected previously with each of the three 
disinfectants were cut into pieces ready for planting and were treated with 


400 CONTRIBUTIONS FROM BoycrE THOMPSON INSTITUTE [VoL. 9 


ethylene chlorhydrin by the “dip’’ method, and with sodium thiocyanate 
and thiourea, with results as shown in Table I. 


TABLE II 
EFFrect or DiIsINFECTANT ON CHEMICAL METHODS OF TREATING THE CuT TUBERS 


Days for 90% emergence 
pee Disin- Chemical treatment of cut tubers 
after fectant ; 
Vari harvest | sed with e Controls in H,O 
ariety Hetore: ee Chlorhy- | Soaked one hour 
treat- tuber _| drin ‘‘dip”’ ate | 
ment method in 1% in 2% | pj; | Soak 
24 hrs. NaSCN | thiourea | P : 
HgCly 3 / 22 | ZAM ils LOO: 98 
g 6 28 | 30 100 go 
TS HCHO 21 19 (| 23 89 | Q2 
: None 26 24 23 89 | 93 
Bliss | 
Triumph HgCly 39 | ee 345) 94 OC 85 
HgO 22 / 27 25 | 7% 69 
2 HCHO 18 26° a) 20 | So. eee 
None 18 24 | ar | 46 | 30 
| | 
HgCl. | + ae 42 108 101 
HgO * 28). || 36 103 113 
BA HCHO 2I ial 43 90 98 
; 8 8 8 
ees None 21 2 | Ree ° 8 
Cobbler HgCl, * 23 36 092 QI 
e HgO 30 33 35 ee 92 
HCHO 17 ag | 31 72 71 
None | 19 | 21 30 73 71 


* 90% emergence not reached because of rotting of seet-pieces. 


By the chlorhydrin “‘dip’’ method. It is seen (Column 4, Table II) that 
the chlorhydrin ‘‘dip’’ method was found unsuitable for use with tubers 
previously disinfected with either HgCl, or HgO on account of the rotting 
of seed-pieces. Disinfecting with either of these mercury compounds, then 
dipping in H.O, and storing 24 hours in Mason jars (as is done with the 
chlorhydrin ‘“‘dip” treatment) did not produce injury as is shown by the 
“dip” control (Column 7). But the combined treatments of mercury-dis- 
infection of intact tubers and chlorhydrin dipping of cut tubers caused 
injury to seed-pieces. The results in Table II indicate that if cut tubers are 
to be treated subsequently by the ethylene chlorhydrin ‘‘dip’’ method, the 
previous disinfection of the intact tuber should be done with formaldehyde 
rather than with mercuric chloride or yellow oxide of mercury. 

By soaking in NaSCN or thiourea. Column 5, Table II, shows that 
tubers previously disinfected with any of the three chemicals were suitable 
for subsequent treatment with sodium thiocyanate for overcoming dor- 
mancy. In only one lot out of 16 were more than 30 days required for go per 
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cent emergence, while the corresponding controls (Column 8) required 39 
to 113 days to reach that stage. The results with thiourea (Column 6) were 
somewhat less favorable than with sodium thiocyanate, but although many 
of the lots required more than 30 days for go per cent emergence, the 
treated lots showed gains of 18 to 77 days over the lots that were not 
treated (Column 8). 

The thiocyanate treatment not only did not induce rotting of seed- 
pieces, but in the experiments the results of which are shown in Table III 


TABLE IL 


SopiuM THIOCYANATE TREATMENT OF Cur TUBERS AT INTERVALS AFTER THE 
DISINFECTION OF INTACT TUBERS 


Days for 90% emergence 
Previous a : 
A sieke Treatment of tubers | whole-tuber Days after disinfecting before 
/ after cutting disinfectant treating with NaSCN 
used 
° 10 20 
Soaked 1 hr. in 1% ys = 2 3 
| NaSCN solution Ne 5 4 3 
Bliss | one 54 35 33 
ae os HgCl, - 107 80 
Soaked thr. in H,O | HgO 2 II5 97 
None : 93 67 
Soaked 1 hr. in 1% nes 53 43 
| NaSCN solution ee 5? Ae 47 
| one 67 47 44 
Irish Cobbler | 
| HgCls 4 % 97 
| Soaked thr.in H:O | HgO = 104 
| None i 99 92 


* 90% emergence not obtained because of rotting of seed-pieces, final % germination 
of starred lots first row top to bottom, Column 4 was 48, 60, 58, 84, 66, 68; Column 5 was 
76, 80. 


the thiocyanate treatment prevented the rotting which occurred in the 
lots not treated with NaSCN. The tubers for this test were small size 
second-crop tubers harvested October 22, 1937, and disinfected October 26. 
Beginning on October 27 and at intervals of 10 and 20 days, samples were 
removed, cut into pieces, and soaked for one hour either in a one per cent 
solution of NaSCN or in water. The object was to determine whether the 
time after disinfecting was a factor in the suitability of the NaSCN treat- 
ment of disinfected tubers. The results in Table III (Columns 4 and 5) 
show that the rot which developed in the control lots when not treated 
with NaSCN was prevented by the NaSCN treatment. These small and 
immature tubers were very dormant, and while 90 per cent emergence 
within 30 days from planting was not obtained in the treated lots, the 
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gains due to the thiocyanate treatment were 34 to 69 days (Columns 5 
and 6). 

The time after disinfecting before applying the sodium thiocyanate 
treatment was not an important factor. If the thiocyanate treatment was 
not given, however, the time after disinfecting before cutting and planting 
was important with the immature tubers used in this experiment, rotting 
of seed-pieces occurring if a delay in planting did not occur after disinfec- 
tion. 

SUMMARY 

The germination of recently-harvested potato tubers, after disinfection 
with mercuric chloride, yellow oxide of mercury, or formaldehyde, was 
hastened by treating the disinfected intact tubers with vapors of ethylene 
chlorhydrin (CH2CICH,OH). Also, it was found feasible to treat the 
tubers first with chlorhydrin and to disinfect them afterward. 

Germination was not usually as rapid with tubers that had been disin- 
fected either before or after treatment as with those that were treated with 
chlorhydrin alone, but the time for 90 per cent emergence of sprouts of dis- 
infected tubers was shortened by 30 to more than 100 days by the chlor- 
hydrin treatment. 

A retardation in germination, at least in the period shortly after har- 
vest, was observed when the tubers were disinfected with either of the two 
mercury compounds, but not treated with chlorhydrin. 

Tubers previously disinfected with HgCl, or HgO were unsuitable for 
use with the ethylene chlorhydrin ‘“‘dip’’ method (by which the tubers are 
cut into pieces before being treated), since under such conditions much 
rotting of seed-pieces resulted. Cut tubers responded well to the ethylene 
chlorhydrin “dip” treatment if the disinfectant previous to cutting was 
formaldehyde. 

Whether the disinfectant previous to cutting was one of the two mer- 
cury compounds or formaldehyde, soaking the cut tubers for one hour in 
solutions of either one per cent sodium thiocyanate or two per cent thiourea 
hastened germination by 20 to 80 days. 
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PROLONGING, THEN BREAKING, THE REST 
PERIOD OF GLADIOLUS’ CORMS! 


F. E. DENNY 


In the course of experiments on the use of chemicals in shortening the 
dormant period of gladiolus corms (2) it was noted that the control corms 
(not treated with chemicals but merely planted in soil) showed a longer 
period for germination than would have been expected if the corms had 
not been planted in soil soon after harvest but had merely been stored in 
air for a few weeks before being planted in soil. Thus, several varieties 
showed less than to per cent, and four of them zero emergence at six 
months after planting. This indicated that planting in the soil soon after 
harvest and storing in moist soil at room temperature furnished the con- 
ditions for prolonging the rest period. In the present experiments this 
point was tested with the same and other varieties and the principle has 
been verified. 

Previous experiments on the effect of storage temperature (1, p. 139) 
of bulbs in air previous to planting in soil indicated that temperatures 
somewhat higher than room temperature might be particularly unfavor- 
able for breaking the rest period. A test was made in these experiments to 
determine whether this delay due to high temperature would occur if the 
bulbs were stored in soil rather than in air. The results show that with 
certain varieties an additional delay in germination occurs if the freshly- 
harvested bulbs are stored in moist soil at 27° C. 

These experiments indicate that the conditions ordinarily favorable 
for inducing germination and growth, i.e., moist soil and warm tempera- 
ture when applied to corms that are not in the rest period, are precisely 
the conditions for retarding germination when applied to corms that are 
freshly-harvested and are at the beginning of the rest period. 

Corms, the dormancy of which had been prolonged by a suitable choice 
of storage conditions for approximately seven months, when removed from 
the soil and treated with vapors of ethylene chlorhydrin, germinated 
promptly and produced good blooms, while untreated corms of the same 
lots remained dormant in the soil, in some cases for more than an addi- 


tional five months. 
RESULTS 


EXPERIMENTS IN 1937 WITH CORMS HARVESTED IN 1930 


The check or control corms from the 1936 harvest showing less than 
25 per cent emergence at the end of six months (2, p. 477) were used for 
1 Herman Frasch Foundation for Research in Agricultural Chemistry, Paper No. 172. 
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further tests in 1937, and in addition to these, some Halley corms not in- 
cluded in the previous test, but maintained in the dormant condition from 
the time of planting in October 1936. 

On April 12, 1937, corms of Mrs. F. C. Peters, Odin, Halley, and Dr. 
F. E. Bennett, and on May 11, 1937, corms of Minuet, Mr. W. H. Phipps, 


FIGURE 1. Results of treatment in the spring of 1937 of gladiolus corms maintained in 
the dormant condition from the previous autumn (1936). Corms harvested September 24 
to October 13, 1936. Stored in moist soil for 189 to 201 days, i.e., until April 12, 1937 fot 
\, B, and C, and until May 11, 1937, for D. On these dates corms were removed from soi 
and divided into two lots, one lot (left hand flat for each pair) treated with vapors of ethy 
lene chlorhydrin, other lot (right hand flat for each pair) merely replanted in moist soil. 
\. Mrs. F. C. Peters, photographed August 26, 1937; B. Dr. F. E. Bennett, photographe 
\ugust 31, 1937; C. Halley, photographed September 23, 1937; D. Minuet, photographec 


September 16, 1937 


Senorita, and Mrs. Leon Douglas (192 to 199 days after the origina 
planting) were removed from the soil in the flats and some of them were 
treated for four days with vapors of ethylene chlorhydrin in closed con- 
tainers, using 1 cc. of 40 per cent ethylene chlorhydrin per too g. of corms. 


he treated corms were planted in flats, and, for comparison, untreated 
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corms of the same lots were replanted in flats. The results for the Mrs. 
F.C. Peters, Dr. F. E. Bennett, Minuet, and Halley are shown in Figure 
rt. It is seen that the corms of these varieties which had been maintained 
in a dormant condition for nearly seven months responded at once to 
treatment with the chemical and produced blooms before untreated corms 
showed any emergence of sprouts. 

The corms of the other varieties, Odin, Mr. W.H. Phipps, Senorita, 
and Mrs. Leon Douglas, were getting out of the dormant period by this 
time, and the control lots by September 16, 1937, showed emergence per- 
centages varying from 4 per cent for Odin to 67 per cent for Mrs. Leon 
Douglas. The days gained by the treatments for the time required to 
reach the percentage emergences of the control lots varied from 39 days 
for Mr. W. H. Phipps to 124 days for Odin. 

On September 29, 1937, for Mrs. F. C. Peters and Dr. F. E. Bennett, 
and on October 15, 1937, for Minuet, i.e., approximately one year after 
harvest, corms not yet germinated were removed from flats and were 
treated with the chemical. Prompt germination of corms of Mrs. F. C. 
Peters and Dr. F. E. Bennett was obtained but the subsequent growth was 
spindly and no blooms were obtained. 

The Minuet corms gave only 16 per cent emergence, although under- 
ground growth of sprouts with the formation of secondary corms was 
observed. The results with these corms after long storage indicate that 
the vitality of the corms had been reduced during such extended storage 
periods in the soil. Possibly, also, the unfavorable light conditions in the 
greenhouse in the autumn were factors in the failure to obtain good growth 
of sprouts and formation of blooms. 


EXPERIMENTS IN 1937-1938 WITH CORMS HARVESTED IN 1937 
Dormancy Maintained in Moist Soil 


The experiments with the 1936 crop of corms indicated that by plant- 
ing the recently harvested corms in moist soil and storing at room tem- 
perature the dormancy of the corms could be maintained for many months 
with practically no sprout emergence whatsoever. This phase of the prob- 
lem was repeated with corms of the 1937 crop. 

Plantings were made in the interval September 27 to October 14, 1937, 
about one week after harvest for each variety. The flats were stored in 
tiers at room temperature, and the soil was kept moist by frequent exami- 
nations as to the need of water. On April 15, 1938, six months after plant- 
ing the record showed no emergence of a sprout for the varieties Purple 
Glory, Halley, Mrs. F. C. Peters, Dr. F. E. Bennett, Scarlet Princeps, 
Odin, Senorita, Queen of Bremen, and Salmon Star, and for other varieties 
the percentage of sprout emergence was as follows: Golden Measure—1, 
Wilbrink—5; Mr. W. H. Phipps—12; Minuet—s56. 
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Thus, the results are consistent with those of the previous year except 
in the case of Minuet. With this variety the length of the dormant period 
in moist soil seems to be correlated with the size of the corm, a special 
test on this point showed 80 per cent germination within 133 days with 
corms weighing 25 g. each and no germination with corms weighing 8 g. 
The corms in the 1936 lots weighed 17 g. each and those in the lots showing 
56 per cent germination in the 1937 tests weighed 20 g. each. 


Storage in Moist Soil and in Atr 


While the previous paragraphs show that dormancy may be main- 
tained for many months by storage in moist soil at room temperature, 
they do not show that the dormancy was greater than would have been 
obtained by storing the corms in air rather than in soil. Data on this point 
are shown in Table I. The values in Column 2 are for corms planted in 


TABLE I 
STORAGE OF GLADIOLUS CorRMs IN AIR VS. STORAGE IN Motst SOIL 


% emergence, 6 months after start of experiment 


Variety Months stored in air before planting in soil 
° 2 4 
Giant Nymph 13 80 85 
Golden Measure I | 35 44 
Mrs. F. C. Peters ° 20 45 
Scarlet Princeps fo) 20 40 
Senorita ° | 80 go 
5 


Wilbrink 


moist soil approximately one week after harvest and maintained continu- 
ously in the soil; those in Column 3 are for corms stored in air for two 
months and then planted in soil; and those in Column 4 are for corms 
stored in air four months before planting. In comparing the values in 
Columns 2, 3, and 4, allowance must be made for a difference of two months 
in the time during which the corms were under soil conditions favorable 
for the growth of non-dormant corms. Table I shows that dormancy is 
maintained better by storage in soil than by storage in air. 


Storage in Soil at Room Temperature and at 27° C, 


The effect of temperature of soil during storage on the length of the 
dormant period is shown in Table II. The temperature effect was most 
pronounced with Karl Volkert, Flaming Sword, and Minuet, these varie- 
ties showing much earlier germinations at room temperature than at 27°. 
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Table Il shows that 27° is a more favorable temperature than room 
temperature for prolonging the dormant period of corms planted in moist 
soil. 


TABLE II 


TEMPERATURE OF SOIL DURING STORAGE AND LENGTH OF DORMANT PERIOD 
OF GLADIOLUS CoRMS 


% emergence, 6 months after planting in soil 
Variety Temperature of soil 
Room temperature Me AC 
) Dr. F. E. Bennett fo) ° 
Flaming Sword 83 20 
) Giant Nymph 15 8 
Halley ° ° 
Karl Volkert 46 6 
Minuet 56 BE 
Odin fo) ° 
Purple Glory ° ° 
Queen of Bremen ° ° 
Salmon Star ° ° 
Senorita ° ° 
White Butterfly* 84 46 
Zona* 60 36 


* After 4 months. 


DISCUSSION 


This method of prolonging dormancy does not succeed with certain va- 
rieties. In addition to those shown in Table II the corms of the following 
varieties were not maintained in a dormant condition for a period of six 

‘months after harvest: Souvenir, Alice Tiplady, Mrs. Frank Pendleton, 
and Laughing Water. 

It is possible that this method may be of practical use as an inexpensive 
way of storing corms, especially those intended for a late planting in order 
to produce a late crop of blooms. Also, if bulbs could be held until mid- 
summer and then treated and planted it may be that favorable light con- 
ditions for initiating the growth of flower stalks would be obtained in the 
early autumn months, the object being to produce a crop of blooms in 
December or January. 


SUMMARY 


The corms of several varieties of gladiolus were held in a dormant 
condition for six months or longer after harvest by storing the recently- 
harvested corms in moist soil either at room temperature, or preferably at 
Ay hae 
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Corms whose dormancy had been maintained for seven months in soil 
at room temperature, when removed from the soil and treated with vapors 
of ethylene chlorhydrin, germinated promptly and produced blooms before 
the untreated control corms showed any emergence of sprouts. 
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BREAKING THE DORMANCY OF SEEDS 
OF CRATAEGUS. SPECIES 


FLORENCE FLEMION 


INTRODUCTION 


The present study on seeds of various hawthorn species was undertaken 
to determine why some species fail to germinate the first spring when 
planted the previous fall. The winter period out-of-doors in this north 
temperate zone region is sufficiently long and cold to after-ripen the em- 
bryos. Some species such as Crataegus cordata (2) germinate the first spring, 
while others such as C. crus-galli germinate only after the second spring 
(2) with a summer in the interim. 

While all Crataegus embryos are dormant, the prolonged dormancy 
present in certain species was found to be caused by the stony carpels 
which prevent the embryos from after-ripening the first winter out-of- 
doors. The effect of the seed coat can be removed in the laboratory by 
treatment with concentrated sulphuric acid combined with a short period 
at high temperature, or by a period of several months at about 21° C. in 
a moist medium. An understanding of this phenomenon resulted in a 
method for the production of a high percentage of seedlings the first spring 
in all the Crataegus species studied. 


MATERIALS AND METHODS 


When collecting the seeds, trees were chosen which were most nearly 
like the type species. The work was begun in the fall of 1932 and experi- 
ments were repeated the two subsequent years on collections made from 
the same trees. Seeds of C. flava Ait. and C. coccinea L. were obtained from 
seedsmen, C. oxyacantha L. was collected at Warsaw, New York, while 
the others were collected in the vicinity of the Institute at Yonkers, New 
York. The ripe berries were collected in the fall, and after the pulp was 
removed with the aid of a Hobart mixer, the seeds were washed well and 
spread out on blotting paper. When thoroughly dry the seeds were stored 
at room temperature in containers covered with cheesecloth. 

Since many hawthorn seeds are empty, cutting tests (average of two 
lots of 100 seeds each) were made to determine the percentage of seeds 
containing embryos. In the case of C. cordata Ait. (C. phaenopyrum Medic.) 
where the outer coat is very thin, many of the empty seeds float in water 
and those that do not can be readily sorted out for the walls have collapsed 
and appear distorted. However, empty seeds of species having hard stony 
outer coats neither float nor can they be distinguished from seeds contain- 
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ing embryos. The number of empty seeds in a given species varies greatly 
with the different trees in a given locality and also with the same tree in 
different years. In some cases the number of embryos was as low as 32 
per cent. Cutting tests were made on all the various lots and the per cent 
germination obtained was calculated according to the number of seeds 
containing good embryos. The germination percentages given in the tables 
and in the text represent averages of duplicate or triplicate lots of 200 or 
300 seeds except when otherwise stated. 

When the seeds were treated with concentrated sulphuric acid, a quan- 
tity of acid equal to about five times the volume of the seeds was used. The 
mixture was stirred about every 15 minutes. At the end of the treatment 
period, the acid was removed, the seeds were thoroughly washed in run- 
ning tap water, and then kept in a large volume of water for at least an 
hour to remove any remaining acid. Freshly-harvested seeds were never 
treated with acid until after several weeks of drying at room temperature 
because with fresh seeds the acid penetrated and destroyed the embryos 
due to the higher moisture content of the seeds. 

For the plantings made in the greenhouse and out-of-doors a mixture of 
one-third sand, one-third peat moss, and one-third composted sod soil 
was used. The seeds were planted in flats (20” X15” X 3”) which were kept 
at various controlled temperatures or placed out-of-doors in cold frames, 
either open, covered with a board cover, or mulched and covered with a 
board cover. For experiments in the laboratory the above mixture or moist 
granulated peat moss (purchased from Atkins & Durbrow, Inc., New 
York City) was used as medium. Seeds when fully after-ripened germinate 
readily at low temperature or within several weeks after being transferred 
to a warm greenhouse (about 21° C.). Seedlings in the cold frames appear 
early in spring. eesti re 

In the fall of 1932, seeds were planted in flats and the flats subjected to 
various controlled temperatures or placed out-of-doors while some seeds 
were mixed in moist peat moss and placed in constant temperature ovens 
in the laboratory. Within six months, a great range of dormancy was ob- 
served, for C. cordata germinated readily in flats which had been outside 
over-winter or in controlled low temperatures and also in the low tem- 
perature ovens, while C. rotundifolia Moench did not germinate under 
any of these conditions. Intermediates were found between these two ex- 
tremes as illustrated in Tables I, Il, and III. As the work progressed, 
periods at high temperature, treatments with concentrated sulphuric acid 
combined with high temperature, or removal of the carpels were found to 
overcoine the effect of the seed coat. The subsequent period required at 
low temperature prior to germination was found to be about the same as 


that required by seeds of C. cordata. The various species are described 
more fully below. 
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TABLE I 


PER CENT GERMINATION OF SEEDS OF VARIOUS CRATAEGUS SPECIES WHEN Kept 
IN Motst PEAT Moss at 5° C,* 


Species Time, months Per cent germination 
Cordata 4.5 Q2 
Coccinea 4.5 86 
Mollis 6.0 13 
Oxyacantha 6.0 22 
Flava 36.0 7 
Punctata 36.0 ° 
Crus-galla 36.0 ° 
Rotundztfolta 36.0 fo) 


* Seeds of the 1932 crop. Experiment started December 11, 1932. 


TABLE IL 


PER CENT GERMINATION OF VARIOUS CRATAEGUS SPECIES WHEN SEEDS PLANTED IN FLATs* 
WERE SUBJECTED TO VARIOUS CONTROLLED TEMPERATURES AND 
SUBSEQUENTLY TRANSFERRED TO THE GREENHOUSE 


Pre-treatment Per cent germination in greenhouse 

: . E a : 
oe aS ae (Ox a it) an Cordata Flava Punctata | Crus-galli R ee 

° (eo) ° O° fe} O° 

3 39 ) ° fo) ° 

° 4 74 = — = = 

5 68 ° c ° ° 

7 == ° ° ° ° 

9 a I ie} I e) 

2 5 = 34 26 47 24 

4 4.5 a 43 60 73 50 

ce te 5 == 41 51 65 44 


* Experiment started December 1, 1932, ror ; 
** This series had 5 months at 5° C. resulting in no germination, prior to the subse- 
quent periods at 21° and 5° C, 


TABEE, III 


SEEDLING PRODUCTION OF VARIOUS CRATAEGUS SPECIES WHEN SEEDS WERE PLANTED* 
IN FLATS AND KEptT IN A MULCHED COLD FRAME 


Per cent germination 
Spree Spring Spring Spring 
1933 1934 1935 
Cordata 59 a 7 
Coccinea | 47 49 =e 
Mollis 37 65 = 
Flava 4 53 55 
Punctata fo) 36 51 
Crus-galli fo) 54 oy) 
Rotundtfolia fo) 43 40 


* Seeds of the 1932 crop planted November 23, 1932. 
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SEEDS WHICH RESPOND TO SEVERAL MONTHS AT LOW TEMPERATURE 


The seeds of C. cordata Ait., commonly known as Washington thorn, 
germinate within four to six months at 5° C. when mixed in a moist 
medium. As shown in Table I, 92 per cent germination was obtained in 
four and one-half months at 5° C. Similar results were obtained when the 
seeds were held at 10° C. or at a fluctuating temperature of 2° to 8° C. 
When placed at 1° C., a longer period of time was required for germination. 
Seeds planted in flats and kept at controlled low temperatures also ger- 
minated within three to five months (Table II). In the spring, seeds which 
had been in flats out-of-doors over-winter produced 59 per cent germina- 
tion in the mulched frame (Table III), 70 per cent germination in the 
board-covered frame, and 60 per cent in the open frame. In the mulched 
frame seedlings appear early and often perish or are injured when the 
mulch is removed. Germination was never obtained from controls kept in 
the greenhouse throughout the experiment. 

Seeds of C. coccinea commonly known as Red Haw when mixed in 
moist peat moss and kept at 5° C. for four and one-half months gave 86 
per cent germination (Table I). When seeds were planted in flats and 
placed in the various cold frames, the germinations obtained the first 
spring were as follows: 47 per cent in the mulched frame (Table III), 63 
per cent in the board-covered frame, 52 per cent in the open frame, and o 
per cent in the warm greenhouse controls. 


SEEDS FAVORED BY SOME TREATMENT PRIOR TO AFTER-RIPENING 


The 13 per cent germination shown in Table I was obtained with Cra- 
taegus mollis Scheele seeds kept for six months at 5° C. while seeds placed 
at 10° C. at the same time produced 50 per cent. In another series, no 
germination was obtained at 5° C. while seeds placed at 30° C. for several 
weeks, then transferred to 5° C., produced 42 per cent germination. Seeds 
when planted out-of-doors in late November of the same year germinated 
best in the mulched frame with 37 per cent obtained (Table III) the first 
spring and 65 per cent the second spring. The open frame produced 2 and 
4 per cent respectively while the board-covered frame was intermediate 
yielding 30 per cent the spring of 1933 and 43 per cent the following spring. 
None germinated in the controls kept during the entire period in a warm 
greenhouse. 

Seeds of C. arnoldiana Sarg. when treated for o and 4.5 hours with con- 
centrated sulphuric acid, mixed in moist granulated peat moss and kept 
for six months at a temperature which fluctuated from 2° to 8° C. pro- 
duced 7 and 20 per cent germination respectively. A duplicate set kept at 
28° C. for one month prior to the period at low temperature produced 
o per cent in the controls and 35 per cent in the acid-treated lot. 
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A very limited number of C. tomentosa L. seeds were mixed in moist 
peat moss and at the end of two years the following germination results 
were obtained: 26 per cent at 10° C., 7 per cent at 5° C., and 23 per cent 
from a lot at 5° C. which had been pre-treated for two weeks at 25° C. 

Seeds of C. carrierei Vauv. were planted in flats. The germination ob- 
tained with the lot kept at 5° C. for five months was 28 per cent, while 56 
per cent was obtained in the other lot which was treated for three weeks 
in a 21° C. greenhouse prior to the period at low temperature. 

Seeds of Crataegus probably sanguinea Pall. were treated for o and 2 
hours with concentrated sulphuric acid, mixed in moist peat moss and held 
at 25° C. for o and 3 weeks prior to the six months’ period at 5° C. No 
germination occurred in the lots not treated with acid whether placed 
directly at low temperature or pre-treated for three weeks at 25° C. How- 
ever, the seeds treated with acid attained 5 per cent germination when 
placed directly at the low temperature and 73 per cent when held for 
three weeks at 25° C. and then followed by the period at 5° C. 

English hawthorn (Crataegus oxyacantha L.) seeds as seen in Tables I 
and IV when kept at 5° C. for six months in moist peat moss produced only 
22 per cent germination. However, seeds given various treatments prior 
to the transfer.to 5° C. germinated much better. Seeds of the 1934 crop 
with and without acid treatment were mixed in moist peat moss. The 
results are shown in Table IV. The seeds treated for three hours with acid 


TABEER SLY, 


EFFECT OF SOAKING SEEDS IN CONCENTRATED SULPHURIC ACID AND OF HIGH TEMPERATURE 
ON THE GERMINATION OF SEEDS OF CRATAEGUS OXYACANTHA 


Duration of | Per cent germination after 6 months at 5° C. subsequent to 
acid treat- various weeks at 25° C 
ments, = = | 4 “k 
hours* | ° | 2 7 | ie 
° 2 20 61 | 79 
2 56 | 52 68 mae 
| 81 — — 


3 59 


* November 12, 1934. 


were divided into two lots—one, placed immediately at 5° C., yielded 59 
per cent germination within six months, while the other lot kept at 25° C. 
for three weeks, then transferred to 5° C., yielded 81 per cent within six 
months at this low temperature. The per cent germination obtained when 
seeds were treated for only two hours with acid is also shown in Table IV. 
Seeds not treated with acid and kept at 25° C. for three, seven, and twelve 
weeks produced 26, 61, and 79 per cent germination respectively when 
subsequently held at 5° C. for six months. Seeds from the same lot were 
treated on November 12, 1934, for o, 2, 3, and 4 hours with acid (Table 
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V). From each lot some were immediately planted and placed in the vari- 
ous cold frames, some were planted and kept in a 21° C. (70° F.) green- 
house for three weeks and then transferred to the cold frames, while some 
were kept dry at 21° C. for three weeks, then planted and placed out-of- 
doors. The mulched frame was the best condition. The percentages given 


TABLE V 


EFFECT OF Various MetuHops oF HANDLING SEEDS AFTER ACID TREATMENTS ON GER- 
MINATION OF SEEDS OF VARIOUS CRATAEGUS SPECIES WHEN SUBSEQUENTLY 
PLANTED IN FLATS AND Kept OvER-WINTER IN A MULCHED COLD FRAME 


Per cent germination, spring 1935 
Weeks at high temperature 
Duration following acid treatments Controls 
of conc. | 
Soedids sulphuric Before planting After planting | Acid treatments only* 
: rleren acid 
treat- o¢_ | Room tempera-| 21° C. green- 
ment, | 75° ~- | ture (22° €.) house 
Ronee ‘ Treated Treated Treated 
at start; after | after 
3 wks. | 3 wks. | 6 wks. | 3 wks. | 6 wks. | of test | 3 wks. | 6 wks. 
in peat) dry dry | in soil | in soil | | 
° — 12 — at eee ea ee | — 
Oxyacantha 2 — 32 = 71 — 32 — | ~~ 
3 =a 23 mi 64 = 20) ale eae — 
4 = 28 -— 65 = 41 — — 
° 30 I — 15 — on -— 
Crus-gall 2 46 CS 65 = ere a -- 
3 48 4 eet 68 =< 6 9 = 
fo) 20 fo) | ° 2 | 8 ° | o | 
Rotundifolia 2.5 38 ice | 8 | 63 | 85 10 9 I 
3-5 53 9 | 9 TO. ih Or 18 5 


* Immediately after acid treatment the seeds were planted and placed in cold frame. 


in Table V were obtained in the spring of 1935. The series which had been 
kept damp in the greenhouse for three weeks after planting prior to the 
transfer out-of-doors gave the best germination. The series which had been 
stored dry at room temperature for three weeks gave poorer results than 
the series which was planted immediately, probably because the latter 
had received an additional three weeks of after-ripening temperature. Even 
though the series kept in the greenhouse lost three weeks of low tempera- 
ture, the period at 21° C, in damp soil was very beneficial in that the high- 
est per cent germination was obtained by this treatment. 

While the seeds described above germinate at 5° C. the per cent ger- 
mination can be greatly increased by various pre-treatments. In other 
species, such as C. crus-galli or C. rotundifolia, germination rarely occurs 
unless given one or both of the above described pre-treatments. 
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SEEDS REQUIRING TREATMENT PRIOR TO AFTER-RIPENING 


Intact seeds of the 1932 crop of C. flava, C. punctata Jacq., C. crus-galli 
L., and C. rotundifolia mixed in moist peat moss were kept for three years 
at 1°, 5° (Table I), and 1o° C., and at a fluctuating temperature of 2° to 
8° C. Except for 7 per cent in the case of C. fava, no germination occurred. 
At the same time plantings in flats were made, some of the flats were kept 
at a controlled temperature (Table II) while others were placed out-of- 


doors in the various cold frames (Table IIT). When the seeds in flats were 


5 MOS. AT 9 MOS. AT A MOS*CAT aie t ee 
She Bei +5. MOS ATi tie 


C .PUNCTATA 


— 


Cc. CRUS-GALLI 


———— 


FIGURE 1. Seedling production of various hawthorn species. Lots of 500 seeds each were 
planted on Nov. 26, 1932, in flats and kept for various periods at 5° C. with and without a 


previous four months at 21° C. Photographed six weeks after being transferred to a warm 
greenhouse. 


kept at 5° C. for o, 3, 5, 7, and 9 months, practically none germinated 
when transferred to the greenhouse. However, when kept at 21° C. for 
several months prior to the period at 5° C., excellent germination percent- 
ages were obtained. The lot in this series which had been at 5° C. for five 
months produced no seedlings even after three and one-half months at 
21° C., but when followed by another period at low temperature, seedlings 
appeared within several weeks when subsequently transferred to a warm 
greenhouse (Table II). In a similar experiment the efficacy of a pre-treat- 
ment at 21° C. is illustrated in Figure 1. 

Seeds planted in flats and placed out-of-doors responded in a similar 
manner. The results for three successive springs are shown in Table III. 
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The results were negative the first spring. In these experiments germina- 
tion occurred only after a long period at high temperature (summer of 
1933) which was followed by the cold winter months. No appreciable in- 
crease in per cent germination (except for C. punctata) was obtained by 
keeping the flats until the third spring. Conditions in the mulched frame 
were best as evidenced by the germination results shown in Figure 2. An 


MULCH BOARDCOVER OPEN GREENHOUSE 
21° Cc 


FIGURE 2. Per cent germination of various hawthorn seeds when planted in the fall of 
1932 and placed in various cold frames. A and B. C. rotundifolia photographed June, 1933 
and July, 1934 respectively. C. C. flava photographed July, 1934. 


even temperature is maintained throughout the winter under the mulch 
while in the board-covered or open frames the temperature fluctuates con- 
siderably. No germination occurred in the controls kept throughout the 
experiment in a warm greenhouse. 

Seeds of C. crus-galli and C. rotundifolia were treated with acid for 
various periods of time. Some of the seeds were either stored dry for three 
and six weeks at 21° C. or kept in moist peat moss for three weeks before 
planting. The others were planted immediately and kept moist for 0, 3, and 
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6 weeks at 21° C. before being transferred to the mulched cold frame. The 
results obtained the following spring are shown in Table V. The acid- 
treated and control seeds, when placed in the cold frame immediately after 
planting, germinated very poorly whether the plantings were made follow- 
ing the acid treatments or after three and six weeks of dry storage. The 
acid treatment did, however, greatly increase the per cent germination 
when the seeds were subjected to a moist period at high temperature either 
before or after the plantings (see columns 3, 6, and 7 in Table V). At the 
time these flats were transferred to the cold frame seeds were treated with 
acid, planted and placed at once out-of-doors. The negative results given 
in the last three columns of Table V show clearly the inadequacy of an 
acid treatment when not combined with a short period in a moist medium 
at a high temperature. 

Some of the C. rotundifolia seeds treated on November 24, 1934, for 
0, 2.5, and 3.5 hours with acid were sent to Dr. George S. Avery, Jr. of 
the Connecticut Arboretum at Connecticut College and were planted at 
New London, Connecticut, on November 28 in flats, and placed in 
mulched, board-covered, and open frames, and in a warm greenhouse. 
Another similar lot was sent to him after being kept in our laboratory for 
three weeks at 25° C. in moist peat moss. The results obtained the follow- 
ing spring were similar to those obtained in Yonkers. The highest per cent 
germination obtained was from the lot which was held in a moist medium 
for three weeks at high temperature after being treated for 3.5 hours with 
acid. No germination was obtained in the non-acid-treated lots. While the 
percentages obtained at New London were not as high as those at Yonkers 
(Table V), the results at the two places showed very good agreement. 

No germination of intact seeds of C. rotundifolia occurred even after 
three years at constant low temperature (Table I). However, when treated 
for three hours with acid, then subjected to similar conditions, about 15 
per cent germinated within six months (Table VI). When the acid treat- 
ment was followed by a treatment of three weeks at a high temperature 
(column 3, Table VI) in moist peat moss prior to the period at low tem- 
perature, over 50 per cent germination was obtained within six months. 
Seeds planted in flats and kept in the greenhouse (about 21° C.) for o and 
3 weeks yielded 3 and 19 per cent germination respectively after the period 
at low temperature. Seeds similarly subjected but pre-treated for three 
hours with acid showed 17 and 75 per cent germination (Table VI). Intact 
seeds of C. flava were treated with concentrated sulphuric acid for three 
hours and mixed in a moist medium. One set of duplicates which was placed 
at 5° C. produced 14 per cent germination while 34 per cent was obtained 
from the other set kept at 28° C. for one month, then transferred to 5° C. 
The controls (not treated with acid) placed at 28° C., then at 5° C., 
showed only 4 per cent germination. 


418 CONTRIBUTIONS FROM BoycE THOMPSON INSTITUTE [VoL. 9 


TABLE VI 


EFrect or AcID TREATMENTS COMBINED WITH SHORT PERIODS AT HIGH TEMPERATURE 
ON SUBSEQUENT GERMINATION OF C, ROTUNDIFOLIA SEEDS 


Mixed in moist peat moss* Planted in soil** 
Cone. sul- Per cent germination after 6 Per cent germ. when subsequently 
phuric acid months at low temperature transferred to a warm greenhouse 
treatment, — 
hours 3, wks, in 204 
F. ve ae 3 se ? mo = greenhouse followed 
a : ; os Se by 5 mos. at 5° C. 
° ° 2 3 19 
I uf 10 —— se 
2 i 37 = 
3 17 47 17 75 
4 16 54 = = 
5 15 57 =a a 


* 
**K 


1932 crop treated April 6, 1933. 
1934 crop treated January 25, 1935. 


The effect of stirring the seeds while in the acid was determined by 
dividing the seeds into three lots. One was stirred continuously, while the 
other two lots were stirred every 15 and 30 minutes respectively. The lot 
stirred continuously began to show injury soon after the one-hour period 
while the two other lots showing only small differences could have been 
treated longer than three hours. Seeds stirred continuously had to be ex- 
amined frequently for practically all were destroyed when the injury point 
was reached shortly after one hour. In the other two lots there was no 
danger of suddenly ruining all the seeds for signs of injury appeared gradu- 
ally after about four hours in the acid. For maximum germination results, 
the seeds should be removed shortly before the injury point is reached and 
then be followed by a period of several weeks at high temperature in a 
moist medium prior to the treatment at low temperature. Other chemical 
treatments were tested but the results were negative. 


ROLE OF THE SEED COATS 


Seeds of C. mollis with the outer coats removed and inner coats intact 
gave about 50 per cent germination within six months at 5° C. while the 
controls with intact coats did not germinate. However, germination of 
intact seeds of C. mollis can be obtained by mixing the seeds in moist peat 
moss and subjecting the seeds to several weeks at a high temperature prior 
to the required period at low temperature. 

C. flava seeds with hard outer coats removed when kept in moist peat 
moss for three months yielded 6 per cent germination at 1° C., 63 per cent 
at 5° C., and 27 per cent at 10° C. Although the embryos require a period 
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at low temperature, intact seeds never germinate under these conditions. 
Seeds of C. punctata, C. crus-galli, and C. rotundifolia without any pre- 
treatment when kept in moist granulated peat moss at various low tem- 
peratures rarely germinate while seeds with hard outer coats removed 
begin to germinate after three months at 5° C. An illustration appears else- 
where (9) showing the behavior of an excised embryo from an intact seed 
which had remained viable, but had not after-ripened, while in a moist 
condition for 12 months at low temperature. Even after three years at 
5° C. no germinations were obtained with intact seeds (Table I). Subject- 
ing the seeds while in moist peat moss to pre-treatments at high tempera- 
ture for various periods up to six months increased the per cent germina- 
tion but the increase was not nearly so great as when the seeds were sub- 
jected to high temperature while in the soil. However, the combination of 
acid treatment and a short period at high temperature was found equally 
effective whether the seeds were kept moist in soil or in peat moss. 

As previously stated, the period over-winter out-of-doors in this north 
temperate zone is sufficiently long to after-ripen the embryos of Crataegus. 
Seeds adequately pre-treated to remove the effect of the seed coat and 
then planted in flats and placed out-of-doors in the fall produced results 
the following spring similar to those in the laboratory. Intact seeds of C. 
punctata, C. crus-galli, and C. rotundifolia when planted out-of-doors in the 
fall do not germinate until the second spring. In this way the seeds are 
subjected to a long period of high temperature during the summer months 
which is followed by the cold temperature of the second winter. 

After three to four months at high temperature in a moist medium the 
carpels of intact seeds of C. rotundifolia and C. crus-galli began to split 
apart at the dehiscent layer. All seeds with split carpels readily ger- 
minated when subsequently after-ripened at 5° C. while poor germination 
was obtained with seeds from the same lot in which the carpels had not 
split. Moist peat moss was not as effective as soil in bringing about changes 
in the seed coat and this accounts for the differences in subsequent ger- 
mination. It was not essential that the two halves of the seed coats be sepa- 
rated for optimum germination. Except for a little carbonized material 
surrounding the micropyle region, no other visible changes were observed 
in the dehiscent layer of seeds treated for three hours with acid. The coats 
of acid-treated seeds were, however, more easily split apart than were in- 
tact seeds. It is not known whether the subsequent short period at high 
temperature further affected the dehiscent layer. The long period at high 
temperature was eliminated by combining a pre-treatment of acid with a 
short period at high temperature. Either method resulted in the removal 
of the effect of the seed coat, thereby permitting after-ripening of the em- 
bryos during the subsequent period at low temperature. 
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RETENTION OF VITALITY 


Since the dormancy of Crataegus cordata can be easily overcome by a 
period at low temperature, this species was used in a vitality experiment. 
Seeds of the 1933 crop were stored dry at room temperature and at three- 
month intervals duplicate lots of 200 seeds were then after-ripened at 5° C. 
in a moist medium. Fresh seeds yielded about 90 per cent germination. 
As seen in Table VII the vitality gradually diminished over a period of 


TABLE VII 


EFrect oF Dry STORAGE AT ROOM TEMPERATURE ON VITALITY OF CRATAEGUS 
CORDATA SEEDS, 1933 CROP 


‘ Per cent germination at 5° C. 
Storage period, 
months After 4 mos. After 5 mos. 
° 54 04 
3 84 go 
6 go 93 
9 89 go 
12 77 85 
15 74 82 
18 Gis 78 
21 42 62 
24 47 53 
o* 52 88 


* Seeds of the 1935 crop. 


several years so that seeds stored for two years upon subsequent after-rip- 
ening at 5° C. produced only 53 per cent germination. Seeds of C. crus- 
gallu and C. rotundifolia are no longer viable after being stored dry for 
three to four years at room temperature. As found for many other seeds, 
no doubt, the vitality of hawthorn seeds could be considerably prolonged 
by storing them dry at a temperature around 5° C. (41° F.). 


RAPID METHOD OF DETERMINING VIABILITY 


Even under optimum conditions the per cent germination of hawthorn 
seeds is obtainable only after a period of three and one-half to six months 
at low temperature. A rapid method (9) has been developed whereby the 
viability of these seeds can be determined within ten days. By observing 
the behavior of excised embryos which have been placed on moist filter 
paper in petri dishes at room temperature, the viable embryos can be easily 
distinguished from the non-viable ones. In this way, the viability can be 
quickly determined before treating the seeds prior to germination, 


DISCUSSION 


Delayed germination in seeds is produced by one or more of several 
causes as described by Crocker (5). He observed (3) that the embryos of 


1938] FLEMION—BREAKING DORMANCY IN CRATAEGUS SEEDS 421 


hawthorn seeds were dormant, that is, they would not grow immediately 
after harvesting, even when the hard stony coats were removed and the 
seeds with intact testas were subjected to high temperatures or high 
oxygen pressures. He also found that the coats played a réle. After remov- 
ing both coats of Crataegus mollis (4) a few of the excised embryos ger- 
minated immediately, and others after several weeks. Embryos of Cratae- 
gus and other rosaceous forms have been induced to grow at temperatures 
of 22° to 25° C. (8) but the seedlings are dwarfish in appearance, while 
seedlings from embryos which have been subjected to a sufficient period 
at 5° C. are normal in their growth habits. 

Davis and Rose (6) reported that the cause of delayed germination in 
C. mollis was very largely in the hypocotyls and that 5° to 6° C. was the 
most favorable temperature in a moist medium for the overcoming of this 
dormancy. After removing both coats, the excised embryo was dormant 
in that it required one to two months at this temperature, but when only 
the hard stony outer coat was removed, the embryo required two and one- 
half to three months. In their experiments a temperature around 5° C. 
inhibited the growth of the cotyledons but promoted hypocotyl! develop- 
ment. Eckerson (7) with microchemical technique followed the changes 
occurring in embryos of C. mollis during the period at 5° C. She found the 
storage food to consist mainly of fatty oils and proteins, and as the fats 
decreased sugar appeared. There was a progressive increase in acidity, in 
water-holding power, and in catalase and peroxidase activity. This series 
of metabolic changes occurring prior to germination during the required 
period at low temperature in a moist medium is spoken of as after-ripening. 

Adams (1) working with C. mollis seeds obtained only 8 per cent ger- 
mination following a fall planting while seeds planted in the spring pro- 
duced almost 50 per cent of seedlings the following spring. The beneficial 
effect of an initial period at high temperature is again clearly seen. The 
very low per cent germination obtained by Pammel and King (ro) for C. 
coccinea seeds may have been due to a low per cent of embryos in the 
seeds tested. A great variation was found from year to year in a given 
species as to the number of seeds containing embryos. They reported (11) 
no germination for C. punctata seeds which had been in the soil out-of- 
doors for one winter. The failure to get germination in this case may have 
been due to either of two causes: lack of a warm period in the soil preceding 
the cold after-ripening period or absence of embryos in the carpels. 

The seed germination difficulties encountered among the various Cra- 
taegus species are readily overcome by the methods suggested above. Under 
optimum conditions, germination in all species tested is obtainable after 
three to six months. 

SUMMARY 

t. All Crataegus seeds have dormant embryos which must be subjected 

to a period at low temperature in a moist medium before germination oc- 
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curs. Some species have in addition a coat effect which must be eliminated 
prior to the after-ripening at low temperature. 

2. Seedlings of C. cordata and C. coccinea can be readily obtained after 
three and one-half to five months at 5° C. or in the spring following a fall 
planting when kept out-of-doors in a board-covered frame. 

3. Although seeds of C. arnoldiana, C. carrieret, C. mollis, C. sanguinea, 
and C. tomentosa germinate after a period at low temperature, more seed- 
lings are obtained when the seeds have been treated in a moist medium for 
several weeks at 21° or 25° C. prior to the low temperature treatment. 

4. The per cent germination of C. oxyacantha seeds can be greatly in- 
creased when the seeds are treated in a moist medium for 12 weeks at 25° 
C. prior to the subsequent period at 5° C. Another effective pre-treatment 
is to soak the seeds for three hours in concentrated sulphuric acid and then 
keep them while in a moist medium for only three weeks at the high 
temperature. 

5. Seeds of C. flava, C. punctata, C. crus-galli, and C. rotundifolia 
planted out-of-doors in the fall do not germinate until the second spring. 
However, when treatments which overcome the effect of the carpels are 
applied prior to the fall planting germinations occur the first spring. The 
temperature maintained throughout the winter in a mulched cold frame 
adequately after-ripens the seeds of these species. 

6. Periods at high temperature in the soil increase the per cent ger- 
mination of C. flava, C. punctata, C. crus-galli, and C. rotundifolia. During 
the period at high temperature changes occur in the dehiscent layer of the 
carpel which permit after-ripening to occur during the subsequent period 
at 5° C. In outside plantings the summer supplies the high temperature. 
Four months at 21° C. is also excellent. Thus plantings, whether placed 
under controlled conditions or in cold frames, respond when the period 
at low temperature is preceded by a period at high temperature. Also, 
the required period at high temperature can be considerably shortened 
when the seeds are pre-treated with concentrated sulphuric acid. 

7. By combining the acid treatment with a short period at high tem- 
perature seedlings can be obtained at any desired time. For maximum 
germination it is essential that the seeds be in a moist medium during the 
period at high temperature, for seeds similarly treated but kept dry at 
this temperature germinate poorly. The subsequent required period in a 
moist medium at low temperature is obtained either by keeping the seeds 
at a controlled low temperature or by wintering out-of-doors. 

8. Since many seeds require special treatment before the fall planting 
a duplicate of one experiment with C. rotundifolia was sent to New London, 
Connecticut, and planted there under similar conditions. The efficacy of 
the pre-treatment was illustrated at both places. The results indicate that 
such seeds can be pre-treated and shipped to various destinations. 


1938] FLEMION—BREAKING DORMANCY IN CRATAEGUS SEEDS 423 


9. By proper treatment seedlings of all Crataegus species studied can be 


obtained on a large scale the first spring after the seeds ripen. 


an S 
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FORMATION OF £6-(2-CHLOROETHYL)-d-GLUCOSIDE BY 
GLADIOLUS CORMS FROM ABSORBED 
ETHYLENE CHLOROHYDRIN! 


LAWRENCE P. MILLER 


The results of tests with emulsin have shown that both potato tubers 
(Solanum tuberosum L.) and corms of Gladiolus form a chlorine-containing 
8-glucoside (8) from the chlorohydrin absorbed when these tissues are 
treated with ethylene chlorohydrin (CHegCICH2OH) in order to break the 
rest period (3, 4, 5). The acetylation of purified preparations from treated 
gladiolus corms containing the glucoside formed from the chlorohydrin 
has resulted in the isolation of a crystalline acetyl derivative which was 
found to be identical with synthetic B-(2-chloroethyl)-d-glucoside tetra- 
acetate. The latter has recently been synthesized by Jackson (7) and by 
Coles, Dodds, and Bergeim (2) and has also been prepared in the course 
of this investigation. These results thus show that the glucoside formed 
from the ethylene chlorohydrin is 8-(2-chloroethyl)-d-glucoside. 


EXPERIMENTAL 


Isolation of B-(2-chloroethyl)-d-glucoside as the tetraacetate from gladiolus 
corms. Corms (1914 g.) of the Alice Tiplady variety were exposed in a 
closed container for 40 hours to a quantity of 40 per cent ethylene chloro- 
hydrin vaporizing from cheesecloth equivalent to 75 cc. of a o.1 molar 
solution per too g. of tissue. After the treatment period a stream of air 
was drawn through the containers to give thorough aeration. After a week 
of aeration the corms were removed from the containers and stored ina 
paper bag at laboratory temperature. Subsequently they were run through 
a food chopper, using a fine cutter, and the juice was extracted by squeez- 
ing through cheesecloth. The tissue residue was soaked in distilled water 
and again squeezed through cheesecloth and this extraction with water 
was repeated once more. The extracts obtained were combined and cen- 
trifuged to remove starch. They were then heated to 80° C. and the coagu- 
lated material was separated by filtration. An excess of lead acetate was 
added and after filtering off the lead precipitate the solution was deleaded 
with H.S. After removal of the excess H2S by bubbling nitrogen through 
the solution, the solution was evaporated under vacuum to a syrupy con- 
sistency and was then poured into pure quartz sand and dried in a vacuum 
desiccator over sulphuric acid. 

The residue in sand was then extracted with hot acetone, enough water 
being added to impart a sticky consistency to the sand-residue mixture. 
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Four extractions gave a total of 3230 cc. of acetone extract which was 
found to contain 40.6 millimols of organic chlorine. The acetone extract 
was evaporated under vacuum and the residue taken up in water. This 
aqueous solution was then shaken a number of times with ether to remove 
fatty materials. Some color was also removed by the ether. Extraction 
with ether is essential for if it is omitted it is very difficult to obtain a crys- 
talline product from the acetylation. After extraction with ether the solu- 
tion was evaporated under vacuum to a syrupy consistency, and this 
syrup was heated a number of times with small portions of acetone. Two 
hundred cc. of acetone extract were thus obtained and analysis showed the 
extract to contain 27.8 millimols of organic chlorine; calculated as chloro- 
ethyl glucoside this was equivalent to 6.05 grams of the glucoside. This 
solution was evaporated to a low volume under vacuum and evaporated 
again after the addition of some absolute ethyl alcohol. This was repeated 
a number of times in order to drive off the last trace of moisture. About 
so cc. of pyridine were then added and the solution further evaporated 
to remove the alcohol. Sufficient pyridine was then added to make a total 
volume of about 125 cc. and after the addition of 75 cc. of acetic anhydride 
the mixture was allowed to stand overnight at room temperature. 

The acetylated mixture was poured into five times its volume of ice 
water with constant stirring. The acetylated product was extracted by 
shaking a number of times with chloroform. The chloroform solution, also 
cooled in ice water, was extracted with cold ro per cent H2SO,; to remove 
the pyridine, then with cold saturated sodium bicarbonate and sub- 
sequently several times with distilled water. The chloroform solution, 
after being shaken with anhydrous calcium chloride was evaporated under 
vacuum to dryness. On evaporation of the chloroform crystals separated 
out in the flask. These were recrystallized from absolute ethyl alcohol and 
4.49 grams of product melting at 115° C. were obtained. On further evapo- 
ration the mother liquor did not give any more crystalline material although 
analysis showed that considerable organic chlorine was still present. Ad- 
ditional product was obtained from the mother liquor by the following pro- 
cedure. The mother liquor was evaporated to dryness and dissolved in 
ethyl ether. On addition of petroleum ether an oily substance separated 
out. Analysis showed the oily layer to contain only small quantities of 
organic chlorine. Further addition of petroleum ether resulted in the 
deposition of crystalline material and in this way 2.29 grams of crude 
crystals melting at r10° C. were obtained. There was thus obtained a total 
of 6.78 grams of crude product representing a yield of 59.5 per cent cal- 
culating the organic chlorine present in the preparation acetylated as 
chlorvethyl glucoside. 

Decolorization with Norite and repeated recrystallization from hot 
absolute ethyl alcohol gave needle crystals melting at 117.5° to 118.0° 
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(corrected for stem exposure), optical rotation was [a]j/—21.1° in acetone 
(concen. 3.54 g. in roo cc.) and [a}iy —13.4° in chloroform (conen. 3.86 g. in 
TOO CC.). 

Analyses: Calculated for 6-(2-chloroethyl)-d-glucoside tetraacetate, 
CisHo3010Cl; C, 46.78; H, 5.64; Cl, 8.64. Found: C, 46.78, 46.68; H, 5.73, 
5-69; Cl, 8.60, 8.46. 

Control corms which had not been exposed to chlorohydrin vapor did 
not contain any organic chlorine. 

Preparation of synthetic B-(2-chloroethyl)-d-glucoside tetraacetate. The 
method used by Jackson (7) was followed. The following equation il- 
lustrates the synthesis. 


BrCH CICH,CH,-O-CH 
| 
HCOAc | HCOAc 
AcOCH | AcOCH 
| lave kei key “veer 
HCOAc O — HCOAc O 
i | 
HC HC 
CH.OAc CH.OAc 


A solution of 41 g. (0.11 mole) acetobromglucose (6) and 134 g. (1.7 
moles) of ethylene chlorohydrin (which had been dried over anhydrous 
sodium sulphate) in 312 cc. of dry benzene was shaken with 41 g. of dry 
silver carbonate at 8° to 10° C. until the test for bromine was negative. The 
mixture was then filtered; the filtrate extracted several times with water, 
dried over anhydrous sodium sulphate and evaporated under vacuum to 
dryness. The crystalline material in the flask was dissolved in hot absolute 
alcohol and 26 grams of crystals melting at 117.5° were obtained. This 
represented a yield of crude product based on the acetobromglucose of 
about 57 per cent. On two more recrystallizations from absolute ethyl 
alcohol the crystals melted at 118.5° to 119.0° (corr.). This compares 
with a melting point of 118.5° to 119.5° (uncorr.) reported by Jackson 
(7) and a melting point of 114° (corr.) obtained by Coles, Dodds, and 
Bergeim (2). Optical rotation was found to be [a]}/—21.5° in acetone 
(concn. 4.225 g. in 100 cc.) and [a]{; —13.4° in chloroform (concn. 3.525 g. 
in 100 cc.). Jackson (7) reported a specific rotation of —13.7° in chloroform 
at 20° and Coles, Dodds, and Bergeim (2) a specific rotation of —21.25° 
n acetone at 28°. 

Analyses: Calculated for CisH230i0Cl: C, 46.78; H, 5.64; Cl, 8.64. 
Found: C, 46:80; 46.9271, 5.27, 5.313°Cl, 3:44, 8:48. 
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DISCUSSION 


The formation of a glucoside from absorbed ethylene chlorohydrin may 
be of significance in several respects. (A) The formation of B-(2-chloro- 
ethyl)-d-glucoside may be of direct importance in the dormancy-breaking 
action of ethylene chlorohydrin. (B) Glucoside formation may serve as a 
means of rendering less toxic the absorbed ethylene chlorohydrin. Thus 
the effect on dormancy might be due to the dormancy-breaking action of 
the B-(2-chloroethyl)-d-glucoside formed or breaking of dormancy might 
result from the effect of the chlorohydrin treatment on the natural gluco- 
side-glucosidase balance. The regulatory action of glucoside systems is 
stressed by some investigators (1). Preliminary tests on the dormancy- 
breaking action of chloroethyl glucoside on potato tubers have been un- 
successful because none of the glucoside was taken in by the tubers under 
the treatment conditions used. More work will have to be done before any 
conclusions can be reached as to the relation of the formation of chloro- 
ethyl glucoside to the dormancy-breaking effect of ethylene chlorohydrin. 

Ethylene chlorohydrin is a very reactive substance and it is unlikely 
that plant tissue could withstand the absorption of appreciable quantities 
unless some means of detoxication were available. Because natural gluco- 
sides often contain aglucons which are very reactive, it has long been 
thought that glucoside formation may serve to render less active and to 
stabilize reactive substances arising in the course of plant metabolism (1). 
The formation of a glucoside from ethylene chlorohydrin shows that plants 
can also form glucosides from substances which ordinarily do not occur in 
plants. The animal body has various detoxication mechanisms available 
which serve to render less toxic or hasten the elimination of introduced 
poisons. These results with ethylene chlorohydrin show that glucoside 
formation can be considered a detoxication mechanism in plants. 


SUMMARY 


The acetylation of purified preparations from gladiolus corms which 
had been treated with ethylene chlorohydrin gave a crystalline acetyl de- 
rivative which was found to be identical with synthetic 6-(2-chloroethyl)- 
d-glucoside tetraacetate. The 6-glucoside formed by the tissue from the 
absorbed ethylene chlorohydrin is thus 6-(2-chloroethyl)-d-glucoside. 

These results show that plant tissue can form glucosides from intro- 
duced aglucons even if such aglucons are substances which do not normally 
occur in plants. Glucoside formation may thus serve as a detoxication mech- 
anism in plants. 
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PEAF-EPINASTY TESTS WITH VOLATILE PRODUCTS 
FROM SEEDLINGS! 


F. E. DENNY 


In previous experiments (1, p. 345) seedlings of wheat, corn, and oats 
failed to give evidence of the production of volatile products inducing 
epinasty. A continuation of the experiments, however, using other species 
and arranging the testing procedure to use larger amounts of seeds in 
smaller containers closed for longer periods has shown that several species 
during the seedling stage formed volatile products inducing epinasty of 
potato leaves. 

The seedlings of radish and to a less marked extent seedlings of certain 
other species of the Cruciferae, produced in addition to the epinasty- 
inducing gas (presumably ethylene) another volatile substance which 
killed potato plants. This substance is probably mustard oil, formed in 
the enzymic hydrolysis of glucosides during germination, and it is sug- 
gested that this procedure could be included in laboratory exercises in 
plant physiology as an effective method of demonstrating the presence of 
mustard oil glucosides in the seeds of this family. Methods of separating 
the two gases were found by which their effects could be observed sepa- 
rately. 

METHODS 

Accumulating volatile products. A convenient procedure for accumulat- 
ing the volatile products from seedlings was as follows: To sterilized two- 
liter Erlenmeyer flasks stoppered with cotton and containing approxi- 
mately 250 g. of clean sterilized sand, seeds were sown and covered with 
another 250 g. of sand, the number of seeds varying with the kind of seed, 
but representing in most cases the largest number that could be grown 
successfully in the flask as shown by preliminary tests. These were kept 
moist with sterile water and stored in a dark room at a warm temperature, 
usually 22° to 27° C. After the emergence of sprouts, the flask was closed 
by a two-holed rubber stopper equipped with inlet and outlet tubes. The 
length of time needed to accumulate volatile products of sufficient con- 
centration to cause epinasty varied with different species, two days suffic- 
ing for some and longer periods for others. The period was not extended 
beyond four days in these tests, this period being used mainly, however, in 
order to obtain comparisons of various species with radish and other 
crucifers which gave a response quite different from that of other species 
included in the tests. 


1 Herman Frasch Foundation for Research in Agricultural Chemistry, Paper No. 174. 
Copyright, 1938, by Boyce Thompson Institute for Plant Research, Inc. 
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At the end of the accumulation period, the air surrounding the seedlings 
was transferred by water-displacement to a filter-flask equipped with a 
one-holed stopper and containing 100 cc. of 20 per cent sodium hydroxide. 
By shaking the filter-flask for a few seconds the carbon dioxide was re- 
moved and the residual air containing the volatile products not absorbed 
by alkali under these conditions was ready for transference to vessels con- 
taining the potato plants used for the epinasty tests. 

Control flasks containing sand but no seeds and stored under the same 
conditions were subjected to the same procedure, but in no case was 
epinasty obtained. The oxygen supply, the chemical reagents, the vessels 
used for containing the test-plants, and the rubber stoppers involved in the 
experiments were tested frequently for absence of epinasty-inducing effect 
under the conditions of the experiments. 

Potato test-plants. A continual supply of young potato (Solanum tubero- 
sum L.) plants was maintained by successive plantings in the greenhouse 
of potato sets in soil in flats. When the sprouts were approximately three 
inches high with one pair of well-expanded leaf blades, they were cut off 
at the surface of the soil and put in 5 cc. vials containing water, the sprouts 
being held in place by a piece of cotton. Usually two of the potato tips were 
placed in a vacuum-type desiccator of 700 cc. capacity equipped with a lid 
having an opening for a one-holed rubber stopper. The desiccator was 
evacuated and an amount of oxygen equal to 20 per cent of the volume of 
the desiccator was admitted. Then the desiccator was connected with the 
filter-flask containing the volatile products from the seedlings and allowed 
to come to air-pressure, the air removed from the filter-flask being re- 
placed by water admitted from a constant-level water supply. 


RESULTS 
SEEDLINGS CAUSING EPINASTY 


In Table I are shown the species which formed volatile products caus- 
ing epinasty of potato leaves. In this test the flasks were stoppered for four 
days, but in other tests an accumulation period of only two days was found 
to be sufficient to give a positive test with such plants as zinnia, bush bean, 
eggplant, and tomato. The dry weights shown in column 3 of Table I were 
obtained by removing the seedlings from the flasks at the end of the experi- 
ment, rinsing them and drying the tissue in an oven at 105°C, 

The epinasty results shown in Table I were obtained by transferring 
from the two-liter flasks all of the air (except that portion absorbed in 20 
per cent NaOH) surrounding the seedlings that had been enclosed in the 
flask. A number of tests were carried out in which only the gaseous prod- 
ucts absorbed by mercuric nitrate were removed from the flasks. The pro- 
cedure used was a modification of the method of Hansen and Hartman 
(2, p. 7) and is based on the fact that ethylene is absorbed by mercuric 
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TABLE I 
SEEDLINGS WHICH FORMED VOLATILE Propucts CausING Eprrnasty or Potato LEAVES 


Seedlings in 2-liter flask 
stoppered for 4 days 
Species 
No. of Dry wt. at end 
seedlings of test, g. 

Tomato, Lycopersicon esculentum Mill. 1219 Oe rE 
Eggplant, Solanum melongena L. var. esculentum Nees. 891 Boat 
Lima bean, Phaseolus limensis Macf. IO 4.44 
Bush bean, Phaseolus vulgaris L. var. humilis Alef. 39 4.01 
Zinnia, Zinnia elegans Jacq. 549 3.58 
Endive, Chichorium endivia L. 3000 3.02 
Lettuce,* Lactuca sativa L. 1768 1.39 
Onion,* Allium cepa L. 500 0.07 
Muskmelon, Cucumis melo L. 335 6.96 
Pumpkin, Cucurbita pepo L. 25 10.71 
Squash, Cucurbita pepo L. var. condensa Bailey 150 II.10 
Turnip, Brassica rapa L. 1000 DD 
Brussels sprouts, Brassica oleracea L. var. gemmifera Zenker. 1000 3.81 
Mustard, Brassica alba Rabenh. 4100 Annoy, 
Cauliflower, Brassica oleracea var. botrytis L. 1000 2.61 
Broccoli, Brassica oleracea var. botrytis L. 1000 T ALR 
Kale, Brassica oleracea L. var. acephala DC. 3000 TAT 
Rutabaga, Brassica napobrassica Mill. 828 Tee 
Cabbage, Brassica oleracea var. capitata L. 1000 fob We 


* Grown in 700 cc. tube. 


nitrate and released from the combination by the addition of hydrochloric 
acid. 

A convenient method of removing the effective constituent and again 
releasing it was as follows: 100 cc. of a mercuric nitrate-nitric acid solution, 
made by adding 154 g. of Hg(NOs)2 and 100 cc. of concentrated HNO; 
to 670 cc. of H:O, were placed in a filter-flask with a two-holed stopper 
equipped with a separatory funnel and an inlet tube. The filter-flask was 
evacuated and filled with the air surrounding the seedlings in the two-liter 
Erlenmeyer flasks after an accumulation period of four days. The filter- 
flask was shaken occasionally over a period of five to ten minutes to permit 
good absorption of the effective constituent in the mercury reagent. Then 
the filter-flask was evacuated and 40 cc. of concentrated HCl was intro- 
duced through the funnel. Pure air, from outdoors or from the greenhouse, 
shown by test not to cause epinasty, was admitted to give atmospheric 
pressure. Under such conditions ethylene if absorbed by the mercury re- 
agent is released again as a gas. This gas in the mercury-reagent flask 
was transferred to a filter-flask containing sodium hydroxide to remove 
the vapors of HCI and was then transferred to the desiccators containing 
potato test-plants as described in a previous paragraph. 

Seedlings tested and giving positive epinasty responses, when only the 
volatile fraction absorbed in Hg(NOs)2 and released again as a volatile 
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substance by the addition of HCI was used, were: zinnia, onion, radish, 
turnip, and pepper (Capsicum frutescens L.). 

A few of the species gave negative or inconclusive tests for epinasty 
when tested by either of the two procedures described in the preceding 
paragraphs. The effective volatile constituent, if formed at all, was not 
produced in sufficient concentration within a single flask to cause epinasty. 
With some of these a larger number of flasks were used (usually four) and 
the air from each of the flasks was absorbed successively in the same mer- 
curic nitrate reagent. This served to increase the concentration of the 
volatile product four-fold or more. When tested in this way the species 
listed in Table II gave positive responses for epinasty. 


TABLE II 


SEEDLINGS PRODUCING EPINASTY WHEN THE EFFECTIVE CONSTITUENT WAS 
ABSORBED FROM SEVERAL FLASKs BY MERCuRIC NITRATE SOLUTION 


Seedlings in four 2-liter flasks 
stoppered for 4 days 
Species “f F 
No. of seedlings pfpteteh 
| 

Cowpea, Vigna sinensis Endl. : 663 70.64 
Watermelon, Citrullus vulgaris Schrad. 300 24.92 
Oat, Avena sativa L. Ig00 39.04 
Millet, Panicum miliaceum L. 4400 24.04 
Field corn, Zea mays L. var. identata Bailey 188 Sivae 
Sweet corn, Zea mays L. var. rugosa Bonaf. 440 S5n53 
Wheat,* Triticum aestivum L. 2178 2.18 


* Six flasks. 


Absorption with 87 per cent sulphuric acid. In order to distinguish be- 
tween ethylene, propylene, and butylene, Hansen and Hartman (2, p. 8) 
made use of absorption with 87 per cent H2SOx,, which, according to Tropsch 
and Mattox (3), absorbs both propylene and butylene but not ethylene. 
This test was applied to the air surrounding the seedlings of a few of the 
species used in the present tests. The air that had accumulated around the 
seedlings during a two- to four-day period was transferred to a filter-flask 
containing roo cc. of 87 per cent H2SO, and the absorption was allowed to 
take place for five to ten minutes, with occasional shaking of the flask. 
The acid was then carefully decanted from the filter-flask without per- 
mitting the escape of any of the air in the flask, the volume of the acid 
being replaced by admitting pure air shown by test not to cause epinasty. 
After absorption in 87 per cent H SO, (and then with NaOH to absorb 
COz) epinasty of potato leaves was obtained with the residual gas from 
seedlings of zinnia, tomato, lettuce, eggplant, and radish. (The air from 
the radish seedlings was allowed to stand overnight with 20 per cent NaOH 
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to decompose the mustard oil before it was absorbed with the 87 per cent 
H2SO,.) 

In addition to these tests of 87 per cent H»SO, with seedlings, a few 
tests were made with the volatile products of other plant parts. Positive 
epinasty tests were obtained after 87 per cent H2SO, absorption with the 
air surrounding the following tissues enclosed in flasks: petals of petunia 
(Petunia hybrida Vilm.), leaves of celery (A pium graveolens L. var. dulce 
DC), leaves of lettuce (Lactuca sativa L.), and leaves of nasturtium 
(Tropaeolum majus L.). 


SEEDLINGS PRODUCING VOLATILE PRODUCTS WHICH KILLED 
POTATO PLANTS 


In the routine tests on seedlings in two-liter flasks by the method which 
gave the results shown in Table I, radish (Raphanus sativus L.) responded 
in a manner quite distinct from the other species. In some tests the usual 
epinasty of potato leaves was obtained, in others the potato test-plants 
were killed, in still others neither visible injury nor epinasty resulted. In 
these early tests the number of seeds used per flask was not rigidly con- 
trolled nor was the length of the accumulation period, and later experi- 
ments showed that in these factors was the cause of the irregular responses. 
By planting at least 500 radish seeds in a two-liter flask and allowing 
a four-day accumulation period in the closed flask, the volatile products 
in the air surrounding the seedlings consistently caused blasting of the 
potato test-plants (and also of several other sorts of plant tissue) enclosed 
in a desiccator. At present it seems likely that the toxic gas formed in the 
germination of the radish seeds is a volatile mustard oil, allylisothiocyanate 
(C;3H;N:C:S), set free from the mustard oil glucoside during the germina- 
tion of the seed and growth of seedling. The air surrounding the seedlings, 
therefore, presumably contains a mixture of mustard oil and ethylene. 
When the mustard oil was present in a concentration sufficient to injure 
the leaf, the leaf could not respond to ethylene by epinastic bending be- 
cause the toxicity prevented the growth necessary to produce epinasty. 
When the concentration was properly balanced between the two gases 
neither epinasty nor a visible injury was obtained, since, apparently, an 
injury too slight to be observable externally is sufficient to prevent the 
growth response necessary to cause epinasty. This viewpoint was substan- 
tiated by the following observation repeatedly made: When a very toxic 
gas obtained from radish seedlings was diluted with air by successive steps, 
a stage was reached at which neither visible injury nor epinasty was ob- 
tained, and by still further dilution of this same gas, a stage was reached at 
which epinasty without injury was obtained. That is, by dilution the 
mustard oil effect disappeared more rapidly than the ethylene effect. It is 
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believed that this accounts for the irregular: responses obtained in the 
earlier tests. 

Separation of the two gases from each other. Vhe ethylene and the mus- 
tard oil were separated from each other as follows: In a filter-flask were 
placed 100 cc. of the mercuric nitrate solution previously described; by 
evacuation, air from the Erlenmeyer flask was transferred to this filter- 
flask, and by shaking the flask the ethylene was absorbed in the mercuric 
nitrate; the mustard oil was not absorbed by mercuric nitrate and when 
the air above the mercuric nitrate was transferred to another filter-flask 
containing 20 per cent NaOH, the CO2 was removed. This residual gas 
when transferred to desiccators containing potato test-plants produced 
the characteristic killing of the potato plant. The injury begins at the tip 
among the youngest leaves which are at this stage unexpanded, but the 
blackening spreads to other parts of the plant, which within 24 hours be- 
comes black, liquid exuding from the tissue. The plant finally becomes 
limp and collapses. 

The ethylene was separated from the mustard oil and its effect pro- 
duced separately by modifying the above procedure at the stage at which 
the ethylene has been absorbed by the mercuric nitrate solution. In this 
case the mercuric solution was retained and the air above it (containing 
the mustard oil) was discarded by evacuation of the filter-flask. The ethy- 
lene was then released from the mercuric nitrate combination by adding 
HCl in the manner described in a previous paragraph. In this way positive 
tests for epinasty without any sign of toxicity were obtained from samples 
of radish seedling air which before the removal of the epinasty-inducing 
constituent caused killing of potato plants. 

In quite another way it was found possible to separate the ethylene 
from the mustard oil. A number of methods were tested for removing the 
mustard oil without removing the ethylene but the method which finally 
succeeded was merely to let the gaseous mixture of ethylene and mustard 
oil stand in contact with 20 per cent sodium hydroxide over an extended 
period of time, usually overnight. This is the same liquid which was used 
to remove the carbon dioxide from the gas mixture without removing 
either the ethylene or the mustard gas. The important factor here is the 
time of contact. If the gas mixture is shaken with 20 per cent NaOH for 
only a short period, CO, is removed but neither ethylene nor mustard oil 
is affected perceptibly. But by longer contact with the 20 per cent NaOH 
the mustard oil is removed, presumably by decomposition, and the ethy- 
lene remains in the flask. In this way good epinasty tests were obtained 
from very toxic samples of the air surrounding radish seedlings. 

At first this killing action of the air surrounding seedlings was obtained 
only with radish. Under the same conditions seedlings of other species of 
the Cruciferae formed volatile products producing epinasty as shown by 
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the last eight entries in column 1, Table I, but not causing injury. Since 
these species contained mustard oil glucosides it appeared likely that 
between radish and other members of the Cruciferae there was merely a 
quantitative and not a qualitative difference, and that by arranging to 
germinate the seedlings in a smaller space the mustard oil concentration 
might be increased to the point of toxicity. This proved to be the case. 
Suitable containers for growing these small seedlings were large test tubes 
approximately 38 cm.X5 cm. These had a capacity of about 700 cc., but 
since the sand occupied about 200 cc. the effective volume for gas was 
about 500 cc., which increased the concentration at least three-fold over 
that obtainable in two-liter Erlenmeyer flasks. These large test tubes were 
equipped with two-holed stoppers and the procedure was the same as that 
previously described for the two-liter flasks. 

Using this modification for testing other species of the Cruciferae the 
results are shown in Table III. Radish appears to be much the most 
effective of the species tested, but the toxic effect is obtainable from at 
least certain other species of the Cruciferae. 


TABLE III 
SEEDLINGS FORMING VOLATILE PRODUCTS WHICH KILLED Potato PLANTS 


Seedlings in 700 cc. tube 
stoppered for 4 days 
Species 
No. of Dry wt. at 
seedlings end of test, g. 
Radish, Raphanus sativus L. 200 1.41 
Mustard, Brassica alba Rabenh. 1000 Jy a0 
Cabbage, Brassica oleracea var. capitata L. 2000 Ba 55 
Brussels sprouts, Brassica oleracea L. var. gemmifera Zenker. 1000 3.91 
Kohlrabi, Brassica caulorapa Pasq. 1000 5-99 


Tests with mustard oil. Since it appeared likely that the toxic action of 
the air surrounding radish seedlings was due to mustard oil (allylisothio- 
cyanate) a supply of this chemical was obtained and tests of its effect upon 
potato test-plants were made. Approximately one drop of the chemical per 
two-liter flask produced the killing effect upon potato plants in a manner 
resembling radish-seedling air, both as to the order in which the plant 
parts were affected and in the final appearance of the plants. Also the 
vapors of the chemical were rendered non-toxic by standing overnight in 
contact with 20 per cent NaOH as was the injurious constituent in the 
volatile products of radish seedlings. In the decomposition of the mustard 
oil with NaOH no volatile substances causing epinasty were formed. 


SUMMARY 


Young seedlings of 19 species, growing in flasks which were closed for 
two to four days to permit the accumulation of gases, formed volatile 
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products which caused epinasty of potato leaves. The effective constituent 
was not absorbed by water, 20 per cent sodium hydroxide or 87 per cent 
sulphuric acid, but was absorbed by a mercuric nitrate-nitric acid reagent, 
from which combination it was released by the addition of hydrochloric 
acid. With seven other species the volatile products of seedling growth in a 
single flask were incapable of inducing epinasty but this result was ob- 
tained if the air from several flasks was absorbed in a single sample of the 
mercury reagent and then released from it. 

With various species of the Cruciferae, and especially with radish, the 
seedlings produced, in addition to the epinasty-inducing volatile product, 
another gas which killed the potato test-plants. This appeared to be a 
mustard oil released by hydrolysis of glucosides of the seeds during germi- 
nation. Methods for separating these two gases and demonstrating their 
actions separately were found. 
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ANATOMICAL CHANGES IN TRADESCANTIA FLUMINENSIS 
VELL. AFTER TREATMENT WITH GROWTH 
SUBSTANCES 


ROBERT BLOCH 


INTRODUCTION 


In a previous paper on wound healing in Tvadescantia fluminensis Vell. 
(1), anatomical and microchemical changes after wounding were described, 
and differences in the reactivity of the cells were studied in relation to 
their position in the various regions of stem and root. It was thought 
desirable to compare these reactions with those which might be obtained 
in the intact plant with synthetic growth substances, and also to study the 
effect of these substances on the wound healing processes. 

Histological changes on application of growth substances, such as tissue 
proliferations and root production, and the reactions of various cell types 
have been described in a number of recent publications for roots and stems 
of dicotyledons (7, 9, 10, 13). The present study deals with similar changes 
in an intact plant of the monocotyledon type with intercalary zones in 
different stages of maturity. Very little is known as to how growth sub- 
stances act on processes of cell growth and cell division in comparatively 
simple structures such as isolated cells and tissue complexes of uniform 
cells. An attempt to analyze the effects exerted within the complex organi- 
zation of a whole plant would appear to meet with additional difficulties. 
There is some indication that correlative and developmental factors play 
a role in the reactions exhibited by the various cell and tissue types some- 
what similar to that observed under different conditions as in processes of 
wound healing and vegetative propagation. 

Uyldert (17) applied growth substances to decapitated young inter- 
nodes of Tradescantia fluminensis. Growth and geotropic responses were 
induced; epinastic and laterally nastic movements of the stem which seem 
to be linked up with structural characteristics, were difficult to influence. 
Cooper (4) stimulated root formation in internode fragments of a Trades- 
cantia species with B-indolyl-acetic acid. Miiller (12) used decapitated 
shoot fragments of Tvadescantia geniculata, consisting of a node with parts 
of the adjoining internodes above and below, or only of immature internode 
fragments. Roots were stimulated at the nodes, and internodal roots oc- 
curred in nodeless fragments. Only a few roots were formed and no 
anatomical evidence was obtained as to the number of root initials already 
present before treatment. A paper by Dorfmiiller (5) was not seen until 
the present paper was written. In his experiments also the formation of 
roots from the internodes served as a measure. 

Copyright, 1938, by Boyce Thompson Institute for Plant Research, Inc. 
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Root formation was also the most conspicuous feature in the present 
experiments. In order to obtain information as regards the behavior and 
reactivity of corresponding cells and cell complexes in the various regions 
of the stem, it was necessary to investigate both early and advanced 
stages of root formation and to include a brief developmental study of the 
normal root formation. Growth substances were applied in concentrations 
high enough to induce characteristic reactions in both young and old inter- 
nodes and nodes. 


MATERIAL AND METHODS 


Cuttings consisting of about six internodes were planted in pots in 
January, 1938, and further propagated in a greenhouse in normal light at 
a temperature of about 70° F. The plants were not entirely uniform show- 
ing a certain variability in the reactions due to differences in the external 
growth conditions during the experimental period from January to May. 
Early rooting from the nodes of procumbent stems was prevented by 
fastening the shoots loosely to sticks so as to allow the upper portion of the 
stem to grow more or less in its natural position of plagiotropic balance. 
The epinastic growth and dorsiventral structure of the Tradescantia shoot 
are known to be variable (3, p. 532). They are strong in bright light and 
disappear in darkness. The shoot, if grown in light, is dorsiventral, bearing 
slightly asymmetric leaves on opposite sides, and axillary branches which 
arise in the plane of insertion of the leaves. Roots emerge from the morpho- 
logical lower side of the nodes. A description of the anatomical and 
developmental features of the stem is given by Gravis (6), Priestley and 
Scott (14, 16). Certain changes which take place in older internodes are 
mentioned by the author (1). The shoot segments were numbered as 
follows: the first free visible node, the leaf associated with it and the inter- 
node below bear number I; toward the base of the shoot the older segments 
II, III, IV, etc. follow, toward the apex six to seven differentiating seg- 
ments O; to Og or O; to O;. The leaves I and O; (mostly the 4th and ard 
visible leaves) are fully or nearly fully developed, bearing laminae of about 
30 to 4o mm. length and leaf sheaths about 5 mm. long. The internode O,, 
which is still hidden within the sheath of leaf I, is generally about 2 to 
5 mm. long; longitudinal sections through this region show that above 
there are still three to four more segments Oz to Oy or Og to Os in the elon- 
gating stage, and in them the characteristic meristematic cylinder will be 
found clearly separated in the peripheral region of the internode between 
an outer vacuolated cortical and an inner vacuolated perimedullary zone. 
In the two youngest primordia surrounding the apex, Os and Og or Os and 
O;, vein differentiation is still at an early stage both in lamina and axis, 
and internode extension has not yet commenced; large portions of this 
region are still meristematic. 
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Growth substance lanolin mixtures of varying root-inducing power 
were used (19). Most effective were 0.3 and 0.5 per cent naphthaleneacetic 
acid, somewhat less effective 0.5 and 1.0 per cent indolebutyric acid, as 
already reported by Zimmerman and Wilcoxon (20); sufficiently effective 
1.0 per cent indoleacetic acid; 0.5 per cent indoleacetic acid did not bring 
about the changes to be described. Dorfmiiller (5) reports that experiments 
to induce root formation in intact plants of Tvadescantia valida and 
Zebrina pendula met with negative results. The highest concentration used 
was 0.5 per cent indoleacetic acid paste. The present experiments show 
that in Commelinaceae higher concentrations are effective, in particular, 
of the naphthaleneacetic and indolebutyric compounds. 

Plants were treated by applying the paste to the stem above node I, 
around the leaf sheaths of leaves O; and Op, (Fig. 1 A), or to older parts of 
the shoot. For each type of experiment an average number of 20 to 25 
plants were tested, and in each group the responses were much alike. At 
definite intervals ranging from 48 hours to 7 weeks the changes in the 
treated plants were compared with those in the controls which had been 
left untreated or which had been treated with pure lanolin. The anatomical 
and microchemical changes were studied in transverse and longitudinal 
sections made from fresh material and from material fixed in chromacetic 
acid. 


RESPONSES TO TREATMENT 


General. In dicotyledons various growth responses occur (18), the first 
visible phase of which has been described as an epinastic growth reaction 
of the leaves and stem. In Tradescantia fluminensis, a comparable response 
occurs, though much less vigorous and more local, varying in degree with 
the age of the leaf, the point of application, and the amount and concentra- 
tion of substance, o.o1 per cent indolebutyric acid paste still causing a 
marked reaction. When the paste is applied to the apical region of the 
stem, the laminae of the leaves O;, Os, and O; curl downward, and the 
three or four older leaves below bend downward at the point of insertion 
to the leaf sheath only. Application of paste to different nodes along the 
stem makes it clear that there is a gradual decrease in the reaction toward 
the base of the stem. Immersion of the top of plants into an aqueous solu- 
tion of indolebutyric acid results in a more rapid response. The plants soon 
recover after having been taken out of the solution, while the effect of the 
agent contained in lanolin reaches its maximum effect only after three or 
more days and may last for weeks. Often the leaves are subsequently 
dropped in conjunction with secondary changes in the node and internode 
PigewG), 

Lanolin treatment at the top of plants (at the level of the apex above 
node I) modifies the development of the shoot in a characteristic manner. 


FIGURE rt. (See explanation on opposite page.) 
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For some time only comparatively short and thick internodes are formed, 
the basal portions of which simultaneously swell and produce roots, the 
first external indication of which may be noted after 48 to 72 hours. When 
the top leaves are previously removed, the newly formed internodes re- 
main thin and short, but root formation is promoted. Soon after the 
treatment in some of the older nodes at a distance below the point of ap- 
plication already differentiated root initials are vigorously stimulated and 
new additional roots also begin to appear. When older nodes, e.g., nodes 
II or III, are treated locally, roots are formed at the point of application 
and in nodes below. The number of internodes in the elongating region of 
the shoot, the growth of which is modified, depends on the effectiveness, 
concentration, and also on the amount of substance externally applied. 
After treatment with a very effective substance such as naphthaleneacetic 
acid the successively elongating internodes I, O1, Ox, O; may become af- 
fected one after another while the development of the primordia O, to O¢ 
is delayed for several weeks. When these extend subsequently in the normal 
manner, the laminae generally remain very small. Frequently, however, 
the plants recover sooner and nearly normal growth is resumed again 
with internode O; (Fig. 1 B, C). Longitudinal sections of the apex taken at 
definite intervals show that during the retardation period no new primordia 
are separated. Consequently, as the older primordia complete their de- 
velopment, though modified under the treatment, few or no primordia 
occur beneath the terminal meristem representing the elongating cycle. 
This is made more conspicuous by the fact that the internodes whose 
growth is modified complete their growth in less time than normally re- 
quired. The length of these internodes is 0.25 to 0.75 per cent of the normal, 
and the diameter above the node is about 4.5 mm. instead of about 3.5 
mm. The growth of axillary buds near the point of application remains 
suppressed, as is generally known for many species. 


EXPLANATION: FIGURE 1 


Tradescantia plants showing short and thick internodes and root formation after ap- 
plication of 1 per cent indolebutyric acid paste above node I. (A) Control showing inter- 
nodes I to IV and axillary branches from nodes III, IV, and V (arrow indicates the point 
where the paste was applied). (B) Treated on February 15; photographed March 9; fasciated 
roots arising from original node Oy, roots indicated on node Oy». Sheaths of leaves O; and 
I are burst and a portion of the lamina O; is still curled downward; normal growth has been 
resumed in the upper portion of the shoot. (C) Treated on February 21; photographed 
March 9, after normal growth had been resumed. Internodes I, O; and O» are abnormally 
thick and short and several circles of fasciated and individual roots appear on nodes I and 
O,. The originally epinastic leaves I and O; are being dropped. (D) Internode III treated 
on February 16, which caused induction of roots from nodes III, IV, V, and VI. Photo- 
graphed March 9, showing downward growing roots from node III and 2 to 3 circles of roots 
arising from node IV. Big root arises near axillary bud (the latter not visible); internode 
shows swellings both in upper and lower portion. 


FIGURE 2. Transverse sections of nodes and internodes. (A) Control, normal node IV 
showing three root primordia and cross connections of tracheids forming on the lower side 
of the node (arrow points to position of axillary bud). (B) Node I after treatment with 0.3 
per cent naphthaleneacetic acid from May 25 to June 10, showing two roots, emerging from 
lower side of node, three roots from peripheral meristem at the other side, and one root be- 
tween the medullary bundles above the nodal plate, as in Figure 3 B (arrow points to posi- 
tion of axillary bud). (C) Internode I decapitated about 2 mm. below node I and surface 
covered with 1 per cent indolebutyric acid from February 18 to April 4, showing tyloses 
and necrotic deposits in xylem channels of medullary bundles, and root initial outside the 
phloem of one bundle (see arrow). Section at a slightly lower level than Figure 4 A. (D) 
Node V treated with 0.3 per cent naphthaleneacetic acid from May 13 to May 24, showing 
meristematic activity around central bundles above nodal plate. 
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Histological. Normally the nodal roots make their appearance later 
than the axillary bud; their formation is linked up with activity of the 
nodal peripheral meristem and with basipetal differentiation processes in 
the peripheral region of the internode above (16). Reports in the literature 
state (15) that roots normally form all around the stem, but in a con- 
siderable number of shoots examined only two, sometimes three roots were 
seen (Fig. 2 A), which in the majority of cases remained the only roots 
emerging and striking the substratum from the lower side of older nodes 
of trailing stems. The root initials appear during the later stages of inter- 
node extension and are distinguishable in node O, or I. They arise some 
distance above the nodal plate, near the upper end and outside the nodal 
vascular ring from the peripheral meristematic region which at this level 
appears somewhat asymmetrically arranged and more active on the ven- 
tral side of the node (Fig. 2 A). On this side the formation of a peripheral 
ring of tracheids begins in the plane of insertion of the root initials also. In 
old nodes, root initials may form also at the other sides, particularly is this 
the case, when suitable conditions arise, e.g., at the base of cuttings. Roots 
may then be formed from basal portions of internodes, as stated by Schu- 
bert (15), from cells outside the phloem of the peripheral bundles or the 
sclerenchyma sheath or surrounding the internal bundles. 

As regards the general regenerative capability of the stem tissues of 
Tradescantia, it was shown that when wounded, all living vacuolated cells 
may return to the meristematic stage and divide and resume growth, par- 
ticularly the potentially meristematic layers just mentioned (1). The 
greatest regenerative power is exhibited by the complex of uniform cells 
composing the vegetative point. Mirskaja (11) has demonstrated for 
Tradescantia guianensis that after injury processes of direct regeneration 
are initiated in this region. 

The present experiments brought out some facts that furnish additional 
evidence as regards the comparative reactivity of the various meristematic 
and potentially meristematic zones. Three different regions can be dis- 
tinquished in the shoot in which cells become differently affected by the 
treatment, though the transition from one type to another is gradual: 

A. In the mature or nearly mature part of the stem (nodes and inter- 
nodes X to IT) local application of paste stimulates vigorously the growth 
of root initials aiready present and promotes the formation of many new 
roots, though there is a gradual decrease in number toward the base of the 
stem. Such anatomical changes did not occur to a noticeable degree in 
nodes above the point of application. The roots may emerge in one, two, 
or three circles above one another (Fig. 1 D, node IV); the average number 
of roots and root initials occupying one circle was 13 and corresponded with 
the number of peripheral bundles. The roots of the lowest nodal circle are 
most readily formed and arise from the peripheral meristem; the roots of 
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the higher circles are formed from more or less vacuolated cells outside the 
peripheral bundles. The phloem takes an active part at an early stage of 
root differentiation; later short tracheids form the connection between the 
vascular strands of the young root and the xylem of the bundle. Roots are 
also formed outside the phloem of the internal bundles (cortical, peri- 
medullary, medullary), but do not appear to be able to emerge. Particu- 
larly in the nodal region of vascular anastomoses, where there is long 
continued meristematic activity, root formation reaches a maximum com- 
parable to that proceeding at the same time in the peripheral region. 
Numerous roots are formed above and below the nodal plate both outside 
the phloem or around the medullary and perimedullary bundles before 
these pass into the anastomosing system of the node (Fig. 2 D) and from 
the meristematic cells abutting on the plate itself. 

B. In the rapidly differentiating and extending zone (nodes and inter- 
nodes I, O; to O3) root formation is very vigorous and distinctly premature 
when in the still short segment much larger portions of the basal meristem 
become involved (Figs. 2 B, 3, 4 B). This leads subsequently to conspicuous 
anatomical differences in the basal peripheral region of the internode. 
Three to six days after treatment abnormally shaped roots begin to 
emerge from nodes I and Q,, which also become very rich in vascular 
elements, and correspondingly later, though very early induced, from the 
succession of younger internodes and nodes. No special direction of growth 
prevails, but owing to the asymmetric activity of the peripheral meristem 
in the node, roots very often were more vigorous at the lower side of the 
node or in the neighborhood of the axillary bud (Figs. 1 C, D, 4 B). Most 
varied forms occurred such as a complete circular disk (node Oz); long 
flat bands or wing-like structures about ro mm. long and 2 to 4 mm. wide, 
often enclosing part of the internode like a belt, finally breaking up into 
individual more or less fasciated roots (nodes O;, Oe, Os); thick comb-like 
plates, arising in the horizontal plane from the lower side of the node and 
bending upwards or downwards; vertical plates (Fig. 1 C); additional in- 
dividual roots as described before were formed at the same time or sub- 
sequently throughout the length of the internode, though more readily 
from the differentiating peripheral bundles (Fig. 3 A) and in the central 
region near the nodal plate (Figs. 2 B, 3 B, C). 

C. No appreciable changes appear either in the cells of the meriste- 
matic apex or in the two youngest primordia in which, at the time of 
treatment, the first stages of differentiation into procambial and_par- 
enchymatous regions are taking place. Development is distinctly delayed 
in this region, and microscopical examination of this part three to six 
weeks later, when normal growth has been resumed, reveals no sign of 
root-forming activity. Such stimulation is, however, very conspicuous in 
node O3, which at the time of treatment occupied the place between the 
first pair of extending internodes. 
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FiGureE 3. Longitudinal sections of treated nodes and internodes. (A) Node I treated 
with 0.5 per cent indolebutyric acid from May 13 to May 24 showing bases of two big roots, 
formed from the nodal peripheral meristem (roots cut off) and two internodal root primordia 
outside a peripheral bundle. (B) Node I treated with 0.3 per cent naphthaleneacetic acid 
from May 25 to June 14, showing peripheral nodal roots and one root arising above the 
nodal plate and growing upward between the central pith bundles as in Figure 2 B. (C) 
Node O, treated with 0.3 per cent naphthaleneacetic acid from May 13 to May 24, showing 
origin and vascular connections of large nodal root plates, a peripheral root forming slightly 
above (left), and meristematic activity above and below the nodal plate which has led to 
formation of two roots growing downward into internode Oy. 
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Effect of wounding. Below wounded parts of internodes, nodes, and leaf 
sheaths of varying age, effected by cutting away lateral strips of tissue or 
by oblique cuts into the internode only, a vigorous wound meristem is 
formed and the wound effects spread over a certain area in which they 
induce various anatomical and microchemical changes previously de- 
scribed (1). The phloem and sheath cells of the peripheral bundles around 
the wound edge and of the internal bundles abutting on the wound surface 
are especially active in contributing to the wound tissue. If such wounded 
regions are treated with growth substance paste, in addition to these 
changes root formation is stimulated in the usual manner in nodes toward 
the base of the stem, but this activity shows a striking increase within the 
area abutting on the wound. Root formation is promoted also from the 
node above the wound, and around the edge of the wound activity of the 
peripheral bundles leads to formation of numerous root initials or roots. 
Cross sections through the internode frequently show roots formed from 
cortical, perimedullary, and medullary bundles also. 

Comparable changes occur in shoots which are decapitated below node 
I or above node II. Both in the treated plants and in the controls a cork 
barrier is formed below the cut surface, and the wound effects spread down- 
ward in the particular manner previously described (1, 2) by means of the 
intercellular system or along conducting passages, e.g., the wide xylem 
channels, in which necrotic changes occur and which also become blocked 
by tyloses formed from the surrounding living cells (Figs. 2 C, 4 A). No 
roots were formed in the controls, but their formation was greatly stimu- 
lated in the treated plants. Below the cut surfaces roots appeared first from 
the peripheral bundles (Fig. 4 A), and farther below from the internal 
bundles (Fig. 2 C), often occurring as far down as the nodal plate. It was 
interesting to note that in regions where the large xylem channels of the 
bundles became necrotic or blocked by tyloses the phloem remained intact 
and contributed to the newly forming roots. The same processes occurred 
in the longitudinal veins of the thin leaf sheath fragments surrounding 
the base of the decapitated internode. This includes root formation, as 
was shown by examination of leaf sheath II. Similarly isolated leaves, the 
bases of which had been treated with naphthaleneacetic acid paste, formed 
roots readily from the leaf sheath bundles. 

Cork formation and tissue proliferation were generally small in intact 
plants, and in wounded ones not much larger than usual. In areas of nodes 
and internodes abnormally swollen owing to treatment, the cells of the 
superficial layers of epidermis, collenchyma, and cortical parenchyma 
showed very regular radial stretching and tangential divisions, thus form- 
ing a kind of superficial cork normally not occurring. This condition is not 
infrequently seen in the abnormally short and thick internodes formed 
under the treatment, as far as internode O; or Oy, but though there is a 
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FiGuRE 4. Transverse sections of treated nodes and internodes. (A) Internode I de- 
capitated about 2 mm. below node I and surface covered with r per cent indolebutyric acid, 
showing tyloses and necrotic deposits in xylem channels of pith bundles about 2 mm. below 
wound surface and 12 root primordia originating from peripheral bundles. Section at a 
slightly higher level than Figure 2 C. (B) Asymmetrical root formation in node I after treat- 
ment with indolebutyric acid from February 10 to March 30, showing outside the ring of 
peripheral bundles seven root initials, one is located farther inside opposite the suppressed 
axillary bud (see arrow), note large fasciated roots arising on the lower side of the node. 
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tendency in certain regions of the cells to extend radially rather than 
longitudinally and to divide in the tangential plane, further, more detailed 
inquiries will be necessary as to how the cells which are in the vacuolating 
and dividing stage are affected by the treatment. 

In isolated treated leaves the large epidermal cells became hyperplastic 
and formed irregular outgrowths; it is probable that this layer becomes 
affected in the bending reactions of the leaves and leaf sheaths. Further 
investigations are necessary as regards unilateral growth reactions of the 
stem, which could be induced when growth substance paste was applied 
on one side to a node or internode of vertically growing shoots which had 
lost their natural dorsiventrality after three to four weeks in the dark 
room. 

DISCUSSION 

The general nature of the various responses of Tradescantia fluminensts 
to treatment with synthetic growth substances is analogous to that de- 
scribed for dicotyledons and evidently has a correlation with the structural 
and developmental features of the plant. In Tvadescantia, one common 
representative of the monocotyledon growth type, the separation of the 
leaf primordia by internodal extension commences a short distance behind 
the growing point and later this elongation process is characterized within 
the different segments of the shoot by the gradual basipetal disappearance 
of a peripheral meristematic cylinder situated between cortex and medul- 
lary region. Meristematic activity is continued longest in the node where 
vascular differentiation is still taking place both in the peripheral and 
medullary region and where there is formed an axillary branch and periph- 
eral adventitious roots develop very gradually and lie dormant until 
suitable conditions for their further development arise. Furthermore there 
are present throughout the internode certain pericyclic layers of cells, 
both in the peripheral region and around the various internal bundles, 
whose cells, perhaps in conjunction with activities in the phloem, can be 
induced to return more readily than others to the meristematic stage, as 
shown by their behavior in the wound healing processes and during vegeta- 
tive propagation in cuttings. This pattern of meristematic and potentially 
meristematic zones characteristic for the adult internode is already fully 
indicated in the extending and vacuolating segment beneath the third 
primordium from the apex, and here chemical stimulation has the effect of 
accelerating and modifying certain developmental processes, in particular 
of initiating prematurely the formation of roots. In the older part of the 
stem such stimulation is still effective in the more meristematic parts of 
the node and in other regions as far as advanced tissue specialization per- 
mits cells to return from the vacuolated stage to engage in such activity. 
The older the segment the less vigorous and irregular in shape are the 
roots formed from the basal remainders of the peripheral meristem, but 
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internodal roots may still be comparatively readily formed outside the 
peripheral bundles which are late in becoming differentiated and the xylem 
of which does not become ruptured like that of the internal bundles; roots 
may also be formed around the internal bundles in the more meristematic 
region above and below the nodal plate. 

Numerous observations recorded in the literature indicate that 
meristematic activity and general regeneration and growth processes are 
often linked up with the presence or differentiation of phloem tissue; 
phloem cells may contribute to the wound tissue themselves (1) and they 
have been found responsive to growth substances in dicotyledons where 
rapid anatomical changes were noticed in the phloem as early as in the 
pericycle (7, 9, 10, 13). In the present investigation they were found to 
become affected by the treatment and to be actively engaged in the root 
forming processes both in the peripheral and internal bundles. In de- 
capitated or wounded portions of internodes or of leaf sheaths the xylem 
parts of the bundles became necrotic and blocked by tyloses while root 
formation proceeded in conjunction with phloem activity as usual. On the 
other hand, the vessel and tracheid systems of intact leaves, internodes, 
and nodes were also often visibly affected in a peculiar manner, containing, 
greyish dense masses, which stained red with Sudan III, in portions of the 
shoot externally treated with growth substance lanolin paste. 

In intact plants root formation after application of paste to aerial 
parts of both young and older portions of the shoot was promoted or in- 
duced for a considerable distance down the stem. In wounded segments 
roots were formed from the node above the point of application and 
particularly in the wounded internode itself within an area in which to a 
lesser degree anatomical changes took place after wounding only. The 
same groups of cells which are especially reactive in wounded internodes, 
either participating in wound cork formation or resuming and continuing 
at an increased rate normal developmental processes, such as wall thicken- 
ing and lignification (1), engaged in root formation after chemical treat- 
ment. 

Meristematic activity and root formation thus appear closely cor- 
related with the original distribution of meristematic or potentially 
meristematic cells. In the node such cells are arranged asymmetrically; 
consequently both natural and stimulated root formation are asym- 
metrical. At present almost nothing is known about the developmental 
factors which control the differentiation and maintenance of such cells in 
definite positions in the plant. Differences in the reactivity of the cells 
cannot be discussed at their full value, until more adequate facts are avail- 
able concerning the distribution (8), the manner of activation, and the 
reaction of the stimulating principle itself in the various cells and parts 
of the tissue. In 7vadescantia, application of growth substances near the 
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apex in comparatively high concentration has a delaying effect on the 
developmental processes which take place in the terminal meristem and in 
the youngest still largely meristematic primordia. An analogous behavior 
is known for the vegetative point of roots. This illustrates the fact that 
cells and cell complexes which are very sensitive and exhibit the maximum 
regenerative power in processes of wound repair and direct regeneration, 
may show only limited responses when they are overstimulated with 
growth substances. The development of the axillary buds was also 


suppressed. 
SUMMARY 


1. Application of synthetic growth substances in comparatively high 
concentration in lanolin to the intact stem of Tradescantia fluminensis 
induces responses and histological changes generally comparable to those 
reported for dicotyledons, though somewhat less vigorous, viz. epinastic 
bending of leaves, meristematic activity, and production of roots, gradu- 
ally decreasing toward the base of the stem. 

2. In particular the reactions are related to the structural and develop- 
mental features of the plant as expressed in the pattern of meristematic and 
potentially meristematic cells distributed in the various regions of the 
monocotyledon shoot. Three regions may be distinguished, gradually 
passing over into one another, in which externally supplied relatively high 
concentrations of growth substances induce different changes: A. In the 
meristematic apex and the two youngest still largely meristematic pri- 
mordia development is delayed. B. In the rapidly elongating portion of the 
shoot short and thick segments are formed in the basal parts of which 
differentiation processes are initiated prematurely and more vigorously 
than normal, resulting in the formatien of numerous internal and fasciated 
external roots and of nodal vascular elements. C. In the nearly mature and 
mature part of the shoot root initials already present are stimulated and a 
great number of new roots are formed both in the node and internode. 

3. Generally roots or root primordia are most readily formed from the 
peripheral and medullary meristematic zones of the node, and in the 
second place in the internode from corresponding layers outside the periph- 
eral bundles, which are late in becoming differentiated and the xylem 
of which does not become ruptured. Roots are also formed from the in- 
ternal bundles, especially above and below the nodal plate. In highly 
stimulated internodes all three origins of roots occur together. Root forma- 
tion is symmetrical in the internode and asymmetrical in the nodal region. 

4. Roots are generally formed outside the phloem regions which ap- 
pear to be themselves responsive to the treatment. The xylem elements of 
intact lanolin-treated parts of the shoot are frequently filled with masses 
giving fat reactions. 

In decapitated internodes and leaf sheaths the xylem channels become 
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necrotic and blocked by tyloses, while roots are formed outside the phloem 
of all series of bundles. 

5. With the exception of the meristematic apical region, cells and tis- 
sues which are especially responsive to wounding are also very sensitive to 
growth-promoting substances. This is particularly the case with cells 
situated outside the peripheral and internal bundles. Normally these cells 
remain parenchymatous. They resume activity in internodes which are 
either wounded or treated with growth substance. The former case is 
characterized by cell growth and cell division or the differentiation of a 
lignified sclerenchymatous sheath, the latter by the formation of external 
and internal roots. The effect of wounding and simultaneous application 
of growth substances is two-fold: beneath the wounded part a meristem is 
formed and secondary growth processes and necrotic changes take place, 
while within the area of the wound root formation is stronger than in cor- 
responding intact treated internodes, particularly from peripheral and 
other bundles abutting on the wound. 
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THE COMBINED EFFECT OF LIGHT AND GRAVITY ON 
THE RESPONSE OF PLANTS TO GROWTH 
SUBSTANCES 


P. W. ZIMMERMAN AND A. E. HitcHcock 


A recent publication showed how tropic responses involved unequal 
growth rates on opposite sides of stems and how growth substances applied 
to distal parts of the stem caused abnormal curvatures indicating unequal 
distribution of the substance (5). The literature on tropisms involving the 
hormonal theory was extensively reviewed and needs no further mention 
in this paper. There is a generally accepted theory supported by many 
experimental facts that natural growth hormones in stems may become 
unequally distributed due to unilateral illumination or geotropic stimula- 
tion. In the case of light the growth hormone is redistributed in favor of the 
shaded side causing positive phototropism. In case of horizontal stems the 
natural growth substance is redistributed in favor of the lower side where 
it accelerates growth, causing negative geotropism. 

Synthetic growth substances applied to one side of a stem accelerated 
growth locally and caused curvatures resembling natural phototropism 
and geotropism (4). If applied to the upper side of a stem immediately 
upon being placed in a horizontal position, the synthetic substances 
caused downward bending. If applied to one side of an upright stem in 
good light or in the dark, growth was accelerated on the treated side and 
negative curvature resulted. 

If, however, natural phototropism or geotropism or both occurred 
before the synthetic substance was applied, the effects were greatly modi- 
fied. The purpose of this paper is to extend the first report (5) and to show 
how the combined effect of phototropism and geotropism condition the 
capacity of plants to respond to growth substances. 


METHODS AND MATERIAL 

Tomato plants (Lycopersicon esculentum Mill.) five to ten inches in 
height and grown in four-inch pots constituted the main plant material. 
The three most effective growth substances, naphthaleneacetic, indole- 
acetic, and indclebutyric acids, were mixed with lanolin and used as prepa- 
rations which were applied with a glass rod unilaterally to the stems. The 
percentages of the substances used in lanolin ranged from o.1 to 1.0 per 
cent. Generally 0.1 per cent of naphthaleneacetic acid and indoleacetic 
acid and o.5 per cent of the indolebutyric acid were most satisfactory. 
To bring out the effects of phototropism and geotropism the plants were 
placed in various positions in an enclosure made of black cloth and open 
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on one side to permit of unilateral illumination. Within the enclosure the 
plants were placed upright, horizontal with the tip pointing toward the 
light, and horizontal with the tip pointing away from the light. In some 
cases plants were placed on a bench in the laboratory and the window 
served as the source of unidirectional light. 

Some of the plants were treated with the substances at the beginning 
of the experiment before tropic responses could occur. Others were allowed 
to make the normal tropic responses before the growth substances were 


applied. 


FIGURE 1. The response of tomato plants treated along one side of the stem with 0.25 
per cent lanolin preparation of indoleacetic acid while in an enclosure with light from one 
side only. The light source was from the right side. A. Appearance of the plants at the 
beginning of the experiment. After this photograph was taken the plants were placed in the 
enclosure and treated at once, as indicated by arrows. B. Appearance of plants six hours after 
treatment, Upright plant was treated on light side; horizontal plants were treated on the 


upper side. There was no apparent effect from unilateral lighting in this case. 


RESULTS AND DISCUSSION 


Plants treated with growth substances immediately upon being placed 
in unilateral light while upright or in a horizontal position responded 
similarly to those treated in the dark or in the greenhouse where light 


came from all sides. Growth was accelerated on the treated side of the 
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FIGURE 2. The influence of light and gravity on the response of tomato plants to 0.25 
per cent indoleacetic acid. Plants were placed in an enclosure after the first photograph was 
taken. The light source in all cases was from the right side. A. Appearance of plants at the 
beginning. B. Same plants 24 hours later. Note combined effect of light and gravity. C. 
Same plants six hours after treatment along one side (see arrows). Upright plant was treated 
on light side. The two horizontal plants were treated on the original upper side. Compare 


with Figure 1 B, Note the effects of previous natural responses. 
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stem, inducing curvatures (negative) with little or no respect to light or 
gravity. Figure 1 shows a set of plants which illustrates the results. It was 
assumed that the synthetic substance applied to one side of the stem be- 
came effective before the natural hormones could be redistributed from 
the force of gravity or unilateral lighting. 

Plants which were allowed to respond to gravity and unilateral light 
for 24 hours before being treated with the synthetic substances did not 
respond like the first set. From the results it was assumed that the natural 
hormones had been effectively redistributed in favor of the shaded and 
lower sides of the stems. The response of the plants is illustrated in Figure 
2 B. There appears to have been a combined effect of light and gravity in 
the horizontal plants. The one pointing toward the light first responded 
to the force of gravity. As the stem turned away from the earth sup- 
posedly due to accumulation of substances on the lower side the force of 
unidirectional lighting came into play working in opposition to the first 
unequal distribution of the hormone. 

The other horizontal plant shown in Figure 2 B pointing away from 
light also shows a combined effect of gravity and light but in a different 
way. The lower side of the stem was first stimulated through the force of 
gravity and as it grew away from the earth, the original lower side became 
also the shaded side. It thus had the added advantage of unilateral light. 
The combined effect of light and gravity induced a pronounced curvature. 

Figure 1 shows the effect of treating plants on one side of the stem be- 
fore the forces of light and gravity became effective. Figure 2 C illustrates 
the results of first allowing the natural forces to come into play before the 
synthetic substances were applied. The lanolin preparations were placed 
along the light side of the upright plants and on the sides which were up 
when the other two plants were first placed in a horizontal position. The 
photograph was taken six hours after the chemical treatment. 

The horizontal plants showed definite effects of the chemical prepara- 
tion but the response was conditioned by the earlier phototropism and 
geotropism. The plant pointing toward the light was treated on the dark 
side (after geotropic response) where the natural hormone is supposed to 
accumulate and the effect was additive, causing downward growth. In the 
other plant the light side of the stem was treated and, if the assumption 
is correct, the synthetic substance was opposed by the natural substances 
which had accumulated on the dark side. 

The upright plant curved somewhat when treated on the light side, but 
the response was much less than when similar stems were treated on the 
light side at the beginning of the experiment before the natural forces 
became effective (Fig. 1 B). In other experiments where stems of upright 
plants were treated on the shaded side the degree of response was greatly 
increased. Similarly a plant pointing away from light, as in the case of the 
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one on the right, Figure 2 C, showed a pronounced additional response 
when the stem was treated on the shaded side. When the synthetic sub- 
stance was applied to the side of the stem where the natural hormones were 
assumed to accumulate due to phototropic or geotropic stimulation, the 
degree of response was greater than with comparable stems which had 
not been previously stimulated. 

Geotropic stimulation alone is sufficient to retard the degree of response 
when stems of horizontal plants are treated on the upper side. This fact 
was first observed when motion pictures were being taken to show induced 
tropic responses of horizontal plants from unilateral treatment of the 
stems with growth-promoting chemicals. Plants treated on the upper side 
of the stem immediately upon being placed in a horizontal position curved 
downward go° or more. Plants which had made a geotropic response before 
treatment moved down only to the horizontal position. In the latter case, 
apparently the synthetic substance had to work in opposition to the 
natural substance which had accumulated on the lower side of the stem. 
Measurements of growth made by surface markings showed that when 
natural geotropic response occurs the amount of growth on the lower side 
of the stem was to to 20 times as great as on the upper side (5). When 
geotropically stimulated stems were treated on the upper side growth was 
stimulated and continued until it equaled that of the lower side. This fact 
accounts for the failure of the geotropically stimulated stem to bend be- 
yond the horizontal position when treated on the upper side with growth- 
promoting substance. 

The assumptions concerning unequal distribution of natural and syn- 
thetic growth substances in geotropically stimulated stems are supported 
by the results of recent experiments designed to recover indole compounds 
applied to distal parts of stems. Excised tomato shoots were placed in a 
horizontal position and treated at the basal end with 50 to 100 mg./I. of 
indolebutyric acid. As soon as a definite growth response (curling and 
epinasty of leaves) occurred (2 to 4 hours) the leaves were removed and 
the stems divided into upper and lower portions. These were frozen with 
Dry Ice (COz) and 32 grams of each used according to the suggestion of 
du Buy (1) for extracting natural substances. The tissue was ground while 
frozen with 25 cc. of slightly acidified water (1 cc. of acetic acid per liter 
of water) and filtered through a Buchner funnel. An excess of water (about 
50 cc.) was used to further extract the tissue in the filter. The filtrate was 
then boiled down to 50 cc. and extracted for 24 hours with 55 cc. of ether. 
The ether layer was then separated and evaporated to dryness without 
heat. The residue contained the indole substance which gave a positive 
color test according to the Winkler and Petersen method (3). An effort was 
made to compare the amount of the substance in the upper and lower sides. 
For this purpose the colorimeter, the dilution method, and the biological 
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test for epinasty were used. The colorimeter indicated three times as 
much indole substance in the lower as in the upper sides. The dilution 
methods verified the colorimeter tests. For the biological test excised shoots 
of young tomato plants were placed upright with the basal ends in the 
solution. Both solutions induced epinasty of the leaves but the extract 
from the lower side of the stem induced the more pronounced response. 
The extracts from water control plants gave negative results in all cases. 
It appears, therefore, from these results that the synthetic growth sub- 
stance was unequally distributed in horizontal stems in favor of the lower 
side. It cannot be said at this time that the extracted substance was the 
same as that applied. The extracted substance, however, was physiologi- 
cally active (induced epinasty), and the color reaction strongly resembled 
that of indolebutyric acid which was applied to the base of the shoots. 
These facts suggest that the indolebutyric acid molecule might have 
remained intact. Similar experiments have been conducted, also, with 
indoleacetic acid. 

Two earlier reports (4, 5) showed that small tomato plants, placed in 
the dark four to five days, lost their capacity to respond to the force of 
gravity. When growth substance was applied laterally to the stems of 
these depleted plants, negative curvatures occurred. Also, if water solu- 
tions of the substances were applied to distal parts of these plants, they 
regained their capacity to respond to gravity. From these results it was 
assumed that plants failed to respond after they lost their natural growth 
substances in the dark, and that the synthetic substances could be sub- 
stituted at least in part. 

Oortwijn Botjes (2, p. 7) repeated these experiments and made the 
following statement: ‘‘The results obtained with this investigation prove 
the hypothesis of Zimmerman and Hitchcock that tomato plants lose 
their growth substance in the dark.’’ This author further showed that 
after the plants lost their capacity to bend when placed in a horizontal 
position the shoots could still be polarized by gravity. This polarization 
influenced the direction of bending when growth substance was finally ap- 
plied. 

It seems from the results to date, that the next logical step should be to 
test the depleted plants in unilateral light while supplying the synthetic 
growth substances in various ways. Such plants might be also good 
material to study the capacity of tissues to distribute growth substances 
according to the stimulus applied. In this connection the new method for 
detecting traces of indole derivatives in plants is sure to prove useful in 
growth substance research. 

SUMMARY 

To account for natural tropic curvatures, the assumption was made 
that natural growth substances were unequally distributed during photo- 
tropic and geotropic stimulation. 
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Stems treated unilaterally with lanolin preparations of growth sub- 
stances made pronounced bending responses when in the dark or when 
light came from all directions. This was true also of stems treated im- 
mediately upon placing the plants in a horizontal position or in uni- 
directional light. 

If plants were allowed to make natural tropic responses before the 
synthetic substances were applied, the induced responses were greatly 
modified. When chemical substances were applied opposite the side natural 
hormones were assumed to accumulate, the degree of response was greatly 
reduced ; applied on the other side the response was greatly accelerated. In 
the first Case, it was assumed that the synthetic substance worked in op- 
position to the natural hormones and in the latter case with them. 

There was a difference in natural response when plants were placed in 
a horizental position while in an enclosure with unilateral lighting. After 
making a natural response these plants showed a combined effect of light 
and gravity when treated on the original upper side of the stem, pre- 
sumably due to unequal distribution of natural substances first caused by 
the force of gravity and then by light. 

Synthetic growth substances applied at distal parts of tomato stems 
were extracted and identified by the colorimetric method as indole de- 
rivatives. Indolebutyric acid applied to the basal end of a horizontal stem 
was unequally distributed, more going to the lower than the upper side. 
The extracted substance was not definitely identified as indolebutyric acid. 
but it was physiologically active (induced epinasty) and the color reaction 
strongly resembled that of the acid which was applied to the base of the 
shoot. The facts suggested that the indolebutyric acid molecule might 
have remained intact in the tissue. 
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Bite USECORrsGREEN TISSURsT EST OBJECTS 
FOR DETERMINING THE PHYSIOLOGICAL 
ACTIVITY OF GROWTH SUBSTANCES 


A. E. Hitcucock and P. W. ZIMMERMAN 


Results obtained in our laboratory during the last few years have indi- 
cated that explanations for growth promotion and root formation in special 
test objects such as the Avena coleoptile, and hypocotyls of the pea, bean, 
sunflower, etc., fall far short of explaining what occurs in normal plant tis- 
sue and in tissue treated under natural conditions with growth substances. 
Reference to the literature on the action of growth substances in plants 
shows that more emphasis has been placed on the necessity for rigid ad- 
herence to some of the earlier views, on purely theoretical grounds, than 
on modifying them so as to be in accordance with the facts at hand. In such 
a rapidly advancing field it is not unusual that there should be differences 
of opinion relating to the interpretation of certain data, but as additional 
data accumulate, it is obvious that such information should not be excluded 
merely because it fails to agree with previous veiws. Assumptions which 
were originally used as an aid in the formulation of working hypotheses 
have too frequently been regarded as proof for supporting certain views. 
This has led to the use of explanations which rest so largely on assumptions 
that changing or rejecting one will also affect many others. Under these 
circumstances there may be a tendency to seek additional special cases 
which would appear to support a given view rather than to give a fair con- 
sideration to all facts, particularly those opposed to the view. It is the 
purpose of the present paper to discuss such examples and to compare the 
results reported for special test objects with those obtained with normal 
plant tissue treated under natural conditions, particularly with reference 
to root formation. Special attention has been devoted to an analysis of 
published data used in support of views relating to the specific action of 
growth substances in the higher plants. Much of the data in the present 
paper appeared earlier in abstract form (44, 45, 46, 47). 

In view of the disagreement between the explanation of results ob- 
tained with special test objects and those obtained with normal plant tis- 
sue taken from plants growing under natural conditions, it seemed of in- 
terest to select a sensitive test object for root formation studies which is 
representative of cuttings used in commercial practice. Although the privet 
and certain other varieties have been used as standard test objects for 
studying root formation in cuttings of woody plants (124, p. 346), it was 
desirable to select more sensitive plant material rooting in a much shorter 
time. The selection of the tomato leaf was based on several considerations. 
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Treated cuttings rooted in five to seven days whereas few or no roots had 
emerged from control cuttings in this time. The test method itself is ex- 
tremely simple and is economical with respect to time, labor, and cost 
of equipment and materials. Of particular interest is the fact that the to- 
mato leaf is highly sensitive and hence requires the use of relatively low 
concentrations (0.01 to 3.0 mg. per liter) of growth substance. Not only is 
this test more sensitive than others previously reported for root formation, 
but it compares favorably with the most sensitive tests for growth promo- 
tion. 

Results obtained with the tomato leaf confirm in general those pre- 
viously reported (38, 42, 124) with respect to the relative activity of differ- 
ent substances, the relation between activity and the form of the substance 
(acid, salt, or ester), relationships between the type of material and root- 
forming activity, the influence of the solvent, and the upward movement 
of the basally applied substance. All of these results point toward the de- 
sirability of considering the action of growth substances from the stand- 
point of what occurs under natural conditions in normal plant tissue as 
well as what occurs in special test objects under highly restricted condi- 
tions. A number of explanations will continue to remain questionable so 
long as they rest solely or mainly on special cases. The basic procedure 
whereby one factor at a time is varied while the influence of all others is 
suppressed or eliminated, is important and useful, but the true evaluation 
of several important interactions is not always readily obtained in this 
manner. Our use of normal green tissue for test objects has been criticized 
(34, p. 853; 99, Pp. 911; 114, p. 55; 116, p. 51) but we wish to point out that 
through this path of approach to the problem it has been possible to dis- 
tinguish between factual evidence which is fundamental for green tissue in 
general, and evidence which applies mainly to etiolated tissue. Against the 
normal background of complex interactions in our test objects we have 
been able to demonstrate the relative importance of a number of different 
factors for root formation which it has been impossible to accomplish by 
the use of etiolated tissue. It is our belief that by the methods developed 
in our laboratory and similar ones developed more or less independently by 
Laibach and his associates, it has been possible to change the trend of 
growth substance research from a highly theoretical plane to one in which 
the principal interest is centered in dealing with facts in relation to normal 
tissue. The terms green tissue or normal tissue are used throughout this 
paper to designate pigmented tissue in contradistinction to etiolated tissue 
which lacks the pigments that are normally formed when the tissue is ex- 
posed to light. 

MATERIALS AND METHODS 

The three principal growth substances (indoleacetic, indolebutyric, and 
naphthaleneacetic acids, and their salts and esters) used in the present 
experiments were obtained from Merck & Co. Inc., Rahway, New Jersey. 
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Freshly prepared solutions were used for each test. Leaf cuttings of Bonny 
Best and Marglobe varieties of the tomato (Lycopersicon esculentum Mill.) 
were the principal test objects. 

Besides the tomato, cuttings of the following species (including two or 
more varieties in several instances) were used in the root formation tests: 
Acer palmatum Thunb., Ageratum sp., Arctostaphylos Uva-ursi Spreng., 
Azalea obtusa Lindl., A. mollis Blume, Berberis thunbergii DC., Buddleia 
davidt Franch., Buxus sempervirens L., Callicarpa japonica Thunb., Ca- 
mellia japonica L., Catalpa hybrida Spaeth., Celastrus orbiculatus Thunb. 
(C. articulatus), C. scandens L., Chamaecy paris obtusa Sieb. & Zucc., Chrys- 
anthemum sp., Clematis sp. (lawsoniana hybrids), Coleus blumei Benth., 
Cornus kousa Buerg., Corylus avellana L., Cotoneaster racemiflora Koch., 
Cryptomeria japonica D. Don., Dahlia variabilis Desf., Daphne cneorum L., 
Deutzia magnifica Rehd., Dianthus caryophyllus L., Diervilla hybrida Dipp. 
(Weigela), Euonymus radicans Sieb., Forsythia suspensa Vohl., Gardenia 
sp. var. Hadley, Gordonia alatamaha Sarg., Halesia carolina L., Hedera 
helix L., Hibiscus syriacus L., Hydrangea radiata Walt., Ilex aquifolium L., 
I. cornuta Lindl., I. glabra Gray, I. opaca Ait., Juniperus sabina L., Kolk- 
witsia amabilis Graebn., Ligustrum ovalifolium Hassk., Lonicera maackt 
Maxim., Magnolia soulangeana Soul., Malus niedzwetzkyana Aschers & 
Graebn., Morus alba L., Pachysandra terminalis Sieb. & Zucc., Petunia hy- 
brida Vilm., Philadelphus virginalis Rehd., Prunus triloba Lindl., Pyrus 
malus L. var. Rhode Island Greening, Rosa sp., Sambucus canadensis L., 
Spiraea bumalda Burv., Syringa vulgaris L., Taxus cuspidata Sieb. & Zucc., 
Viburnum opulus L. 

Species and varieties other than those listed were also used, particu- 
larly in the case of Rosa, Chrysanthemum, Camellia, Viburnum, Spiraea, 
Deutzia, Berberis, Dahlia, and Syringa. Horticultural varieties of Syringa 
vulgaris were taken the latter part of April and during May. Most de- 
ciduous shrubs were taken at this time, as well as at later periods. 

A sufficient amount of the growth substance solution to supply the cut- 
tings for 24 hours was placed in beakers or flasks of 50 to 150 cc. capacity. 
The basal ends of the cuttings were immersed to a depth of 2 to 3 cm. in 
the test solution. At the end of 24 hours the cuttings were removed from 
the test solution, washed, then placed with their basal ends in tap water 
for the remainder of the test period. Roots emerged from the treated to- 
mato leaf cuttings on the fourth or fifth day. The root counts were made 
on the sixth or seventh day depending upon the relative activity of the 
cuttings and the atmospheric conditions. Cuttings of other species of plants 
were treated in the same manner for the first 24 hours, but were handled 
thereafter according to methods commonly used by propagators. The time 
at which root counts were made in this case depended upon the species of 
cutting, ranging from two to several weeks. 

Leaf cuttings of the tomato ranged in length from 15 to 25 centimeters. 
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One to three leaves were taken from a single plant, depending upon its 
size and rate of growth. The youngest leaves at the tip (less than 15 cm. in 
length) and the older basal leaves were generally less satisfactory than the 
largest leaves on the upper part of the stem. In contrast to the leaves 
leaflets rooted less readily, and stem cuttings more readily. Thus different 
parts of the tomato plant may be used for root formation tests, depending 
upon the particular purpose of the test. The leaf was considered most 
satisfactory for the tests described in the present paper. As a matter of in- 
terest it should be mentioned that leaves of the tobacco (Nicotiana tabacum 
L. var. Turkish) were much more difficult to root than tomato leaves. 

Leaves were severed at the base of the petiole except when otherwise 
specified. During the summer such leaves rooted more readily than when 
cut 1 cm. above the base. The reverse was true for leaf cuttings taken dur- 
ing the winter. Since leaves were more sensitive in the summer than in the 
winter, regardless of the position of the basal cut, it is preferable to sever 
the leaves 1 cm. above the base for tests carried out during the winter. 
In comparative tests it is important that the position of the basal cut 
should be the same. 

Since the absorption of the test solution is influenced by atmospheric 
conditions (42), this fact should be considered when comparing results ob- 
tained at different times. All of the tests with tomato leaf cuttings were 
run in a Wardian type of glass case placed in the greenhouse. Relative 
humidity was kept high enough to prevent wilting by adjusting the width 
of opening in the front door. Tests with all other varieties of cuttings were 
run in a laboratory having an eastern exposure. In this case the cuttings 
were 5 to 10 feet from the windows during the 24-hour period of treatment 
with growth substance solution. Thereafter the cuttings remained where 
planted in a mixture of sand and peat moss in the greenhouse bench as pre- 
viously described (43, p. 64). 

Design of experiments. Most of the experiments were designed to study 
a number of factors simultaneously. Factorial experiments of this type 
are especially adapted to the determination of the relative importance of 
any one of several factors under conditions in which chance deviation of 
individual test objects is minimized. Intercomparisons of the performance 
of individuals within a group and between groups are contrasted against 
the background of the entire experiment. The interpretation of such com- 
plex experiments is actually more readily accomplished and represents a 
more precise evaluation than is the case where separate experiments are 
performed at different times. There is the additional advantage that, by 
the scheme described, all data are used, so that no opportunity is afforded 
for the selection of special cases to illustrate a particular point. The ad- 
vantages of this type of layout of experiments, particularly for statistical 
treatment according to the analysis of variance, are described more fully 
in a paper by Setterstrom, Zimmerman, and Crocker (87). 
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The experimental scheme referred to permits of the arrangement of the 
results in a number of different groupings whereby the reader may observe 
at a glance any important trends which are reflected in column totals and 
group totals. A complex experiment such as that recorded in Table XIII 
requires a rearrangement of the same data for the sytematic study of 
different conditions by means of contrasting pairs (or groups) of test ob- 
jects. It is to be noted that all data appear in Table XIII for 16 experi- 
ments comprising 12 tests each, or a total of 192 tests performed simul- 
taneously. However, since in the present paper only general trends repre- 
sented in the larger group totals are referred to in the text, a detailed 
analysis of the results of each experiment has been omitted. Nevertheless, 
the data are available for those who may wish to make such an analysis, 
particularly in the case of a complex experiment such as that recorded in 
Table XIII. 

RESULTS AND DISCUSSION 

Specificity of the action of growth substance. A number of substances pre- 
viously found active for growth promotion and root formation on intact 
plants were tested for root-forming activity in leaf cuttings of the tomato. 
Results of these tests were in agreement with those previously reported 
(43, 124, 127) in showing that the indole and naphthalene compounds were 
more active than the phenyl compounds. Consequently, in the principal 
root formation tests the three most active substances were used—that is, 
indolebutyric, naphthaleneacetic, and indoleacetic acids, and certain of 
their salt and ester derivatives. 

Tests with several phenyl derivatives indicated that they are active 
at concentrations of 1 to 10 mg. per liter for root formation in the tomato 
leaf. At concentrations of 1 to 10 mg. per liter the following substances 
were active, but less active than a solution of indolebutyric acid containing 
0.032 mg. per liter: phenylacetic acid, phenylpropionic acid, sodium cin- 
namate, nitrocinnamic acid, and aminophenylacetic acid. 

By regulating the conditions of the tomato leaf root formation test, it 
was possible to obtain root formation in cuttings treated with to-® M solu- 
tions of growth substances known to be active for rooting and no rooting 
in control cuttings or in cuttings treated with acetic acid or potassium ace- 
tate (Fig. 1 B). The young leaves for which data appear in Figure 1 B 
were taken from small plants four to five inches tall, whereas the data in 
Figure 1 A are for larger leaves taken from taller plants. In most tests, 
the type of material was selected which would show some but slight root- 
ing in control cuttings at a time (sixth or seventh day) when treated cut- 
tings had many roots. The specificity of the tomato leaf test depends, 
therefore, upon the condition of the tissue used for cuttings. 

Considering that indolebutyric and naphthaleneacetic acids are more 
effective root-forming substances than any yet reported (127), it would 
appear that this constitutes the first case of a foreign substance being much 
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with tap water solutions of growth substance. (A) Root counts on sixth day for large 
leaves, (B) same for smaller and younger leaves, (C) length of tissue from which roots 
emerged, for large leaves (seventh day), and (D) same for smaller and younger leaves. 
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more active than the naturally occurring hormone in plants, and also 
more active than either auxin A or indoleacetic acid. Limited data relating 
to the substances extracted from plant tissue (101) indicate that no na- 
turally occurring substance is more effective for root formation than in- 
doleacetic acid. Thus the high positions occupied by indolebutyric and 
naphthaleneacetic acids for root formation are similar to the high positions 
occupied by auxin A and indoleacetic acid for growth promotion in Avena. 
Indolebutyric and naphthaleneacetic acids are reported by Went and 
Thimann (116, p. 137) and Koepfli et al. (55) to be of the same activity 
as auxin A and indoleacetic acid for growth promotion in Pisum. Since 
physiological activity varies with the kind of test object, any specificity 
of chemical structure must also depend upon the kind of test object used. 

That only a few substances may be active for cell elongation appears 
unlikely, considering the large number of substances reported as active 
for growth promotion in different test objects (5; 20; 55; 83; 116, p. 137; 
120; 124). The same may be said of root formation if it can be shown as 
suggested by Traub (104) that many organic substances are active for root 
formation. It was not specifically mentioned how long the cuttings were 
treated and whether they were treated at the apical or basal end, but cut- 
tings of Passiflora were treated in both ways. Traub’s approximate method 
for designating the relative differences in rooting (plus signs) does not 
permit the reader to determine whether the claims for better rooting are 
justified. There is no reference to number of roots, length of roots, per- 
centage rooted, or the length of tissue from which roots emerged—all of 
which are criteria used by other workers in such tests. The concentration 
of indolebutyric acid (0.02 per cent) which he used as a standard of com- 
parison is exceptionally high for a 24-hour treatment and would be injuri- 
ous to most of the varieties tested in our laboratory. On the basis of a 
24-hour treatment, Passiflora and Bignonia would appear to be more tol- 
erant and more difficult to root than any variety reported by us in which 
case it has seldom been necessary to use concentrations of indolebutyric 
acid higher than 0.004 to 0.006 per cent. Higher concentrations may of 
course be used for shorter time periods as in the case of apple (Fig. 2 A). 
Skinner (88) used 0.001 to 0.009 per cent solutions. 

The assumption that there is a specificity of growth substance action 
in plants constitutes the basis for explanations relating to growth, differ- 
entiation, and correlation. It is significant, however, that no definition of 
a growth substance has been proposed which accounts satisfactorily for 
the facts at hand. Reference to reviews or any discussion dealing with the 
terminology or nomenclature of growth substances will show that there is 
agreement with known facts only to the extent that there is claimed to be 
in plants the counterpart of hormonal regulation in the animal body. The 
introduction of the term ‘‘auxin”’ for designating a particular kind of growth 
substance has been unfortunate, since it has been used in a specific sense 
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FIGURE 2. (A) Rhode Island Greening apple 38 days after a 4-hour treatment with 
indolebutyric acid. Tip cutting on left in each set ; others taken below tip. Cuttings buried 
(after treatment) in moist moss peat in loosely covered glazed jars kept under the green- 
house bench, No water was added to the moss peat during the 38-day period. (B) Relative 
effectiveness of different growth substance acids and salts on root formation in Euonymus 
radicans (after 18 davs). Let to right, acid and salt respectively of naphthaleneacetic, 
indolebutyric, and indoleaceti compounds, 
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to designate preparations known as auxin A, auxin B, auxin-A-lactone, 
heteroauxin, and also in the generic sense to designate known compounds, 
and also natural substances, which exhibit similar physiological responses. 
Koningsberger and Verkaaik (56, p. to) have pointed out the undesira- 
bility of using ‘‘auxin’’ as Went and Thimann have done throughout their 
monograph on phytohormones (116) without designating what substance 
was used. The confused state of growth substance terminology throughout 
the literature is reflected in the arbitrary classification recently adopted 
by the International Phytohormone Conference in Paris (29, p. 48). Ac- 
cording to this preliminary report, substances inducing analogous activity 
are divided into two groups, on the basis of their assumed presence in the 
“vegetable cell’’ and their assumed absence ‘‘in the plant.” 

The term “‘vegetable cell’ (29, footnote p. 48) may properly refer to 
any member of the plant kingdom, including the fungi. Regardless of 
whether or not the term ‘vegetable cell’’ is meant to apply only to the 
higher plants, the assumption that auxin A, auxin B, and auxin-A-lactone, 
but not indoleacetic acid, are present ‘‘in the plant’’ is incorrect. Indole- 
acetic acid has been isolated from fungi, but not from green tissue. The 
three auxins just mentioned have not been isolated from the green tissue 
of the higher plants as has been distinctly implied in the outlined nomen- 
clature and throughout the literature. 

Since the literature has been concerned primarily with the action of 
growth substances in higher plants, and the principal value of these find- 
ings lies in their possible application to green tissue, there should be no 
necessity for masking the fact that a crystalline growth substance of 
known composition and structure has not yet been isolated from the green 
tissue of the higher plants. It has likewise not been shown that growth 
substances such as indoleacetic, indolebutyric, and naphthaleneacetic 
acids are not present in the green tissue of higher plants. While it may be 
a matter of speculative interest as to the probability of the presence or 
absence of certain growth substances in plants, the terminology and nom- 
enclature of growth substances and the explanation of their action should 
be concerned first of all with the facts at hand. 

With respect to the qualifications of a plant hormone, Kégl (54, p. 53) 
remarks that all substances of an analogous activity cannot be considered 
as hormones either in plants or animals—that the term hormone must be 
limited to “‘biological catalysts of organic nature which are used by the 
organism itself to bring about the various physiological effects.’ It is a 
matter of interest that ethylene is the only substance of known composi- 
tion and structure which meets this specification for the higher plants. 
Auxin A cannot meet this specification since it has not been isolated from 
the green tissue of higher plants, and is not known with certainty to occur 
in green tissue, notwithstanding the various indirect methods used in an 
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attempt to demonstrate this as a probable fact. Although the similarity 
between the physiological activity of ethylene and the crystalline growth 
substances is very striking (20), sufficient data have not been presented 
to determine the status of this gas as a plant hormone. Particularly are 
results such as those reported by van der Laan (58) and Michener (69) 
inadequate for determining the status of ethylene, since no consideration 
was given to the well-known influence of different concentrations on the 
type and degree of characteristic growth responses induced in different 
plants. Thimann (98, p. 558) remarks that if ‘“ethylene reduces production 
of the growth hormone” as claimed by van der Laan (58) for Avena and 
Vicia, ‘‘this can scarcely cause root formation”’ (98, p. 558). Schlenker and 
Rosenthal (85, p. 49) also indicate that the growth induced (by ethylene) 
on the upper side of leaves is not associated directly with an increase in 
growth substance or its distribution. There is much evidence that ethylene 
is a normal constituent of plant tissue, occurring in various organs of 
numerous species (21, 22, 23, 71). The relation of ethylene to metabolic 
activity (20, 81, 127) is in itself a matter of considerable interest. Also, 
the disappearance of chlorophyll results from treatment with ethylene and 
crystalline growth substances (20; 32; 37; 42, p. 456). The exclusion of 
ethylene as a plant hormone merely because it appears not to act exactly 
like some other growth substance, such as indoleacetic acid, is a view which 
fails to consider that no two growth substances act alike as pointed out 
by Nielsen and Sing-Fang (72, p. 377). Naphthaleneacetic and indoleacetic 
acids do not act alike for growth promotion (124) nor for root formation 
(43, 124), yet both are accepted growth-promoting and root-forming sub- 
stances. The fleshy roots induced in gladiolus corms treated with the 
K-salt of naphthaleneacetic acid were distinctly different in appearance 
from the normal types of roots in corms treated with the K-salt of indole- 
butyric acid or with tap water (126). A similar qualitative difference was 
mentioned by Oliver (73) for roots induced on cuttings of commercial va- 
rieties of shrubs treated with naphthaleneacetic acid and indolebutyric acid. 

The importance of relations between chemical structure and physiologi- 
cal activity was realized from the start, since a particular physiological 
response could be brought about by different substances not closely re- 
lated in structure but not by many of the more closely related substances. 
It is significant that most of the discussions relating to the structural 
specificity of growth substances have emphasized the apparently close 
structural relationships between distantly related substances but say 
little about those more closely related compounds which show little or 
no physiological activity. The relative activity of alpha and beta forms 
of indoleacetic and naphthaleneacetic acids serve as excellent examples 
of the difficulties involved. In this case, B-indoleacetic and a-naphthalene- 
acetic acids are the active forms, whereas a-indoleacetic and B-naphthalene- 
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acetic acids represent the inactive forms. The question of whether the 
indole nucleus is structurally similar to, or greatly different from, the 
naphthalene nucleus must be settled mainly on the basis of physiological 
activity and not according to physical properties. 

If it becomes necessary as recently reported by Koepfli, Thimann, and 
Went (55) to use a particular type of physiological response, such as cell 
elongation, exhibited in one test object (Pisum) as the criterion for speci- 
ficity, and then exclude or include certain substances according to their 
action on another test object (Avena), it means that the relationships are 
not fundamental for plant tissue but only for a particular species under 
the special conditions of the test. Their choice of Pisum as the basic test 
object is of interest because previously absolute reliance had always been 
placed on the Avena test. However, in Avena a number of growth sub- 
stances (e.g. indolepropionic and coumaryl-acetic acids) are inactive (08, 
P- 551; 99) and the active substances do not exhibit a stoichiometric rela- 
tionship such as Went and Thimann claim for the pea test (116, p. 135). 
Activity in green tissue indicates no such relationship, since at the mini- 
mum active concentrations we have found great differences in the molar 
equivalents of different substances. 

Without discounting the value of the Avena and Pisum tests, it still 
remains to be demonstrated that the action of growth substances in these 
test objects is representative of that in green tissue of the higher plants. 
Particularly is it evident from tests similar to those reported by Skoog (89) 
that the curvature values obtained with Avena for substances extracted 
from other plants are not reliable indications of the action of these sub- 
stances in green tissue. Schmitz (86) and Meyer (68) could find no close 
correlation between growth response and the amount of extractable 
growth substances. The mistake which Skoog made of assuming that the 
transport in Avena is a measure of transport in the tomato and squash 
leads to considerable confusion in the literature. Considering this and 
other limitations of the Avena test, Kégl’s (54, p. 53) discussion of struc- 
tural specificity must be considered from the standpoint of the specificity 
of the ‘‘seedling tip test’’ rather than the specificity of growth promotion 
or cell elongation for plants in general. His remark (54, p. 53) that root 
formation is ‘“‘less dependent on specific structure than the seedling tip 
test” is of particular interest since the same substances he mentions as 
being only ‘“‘distantly related to B-indolylacetic acid” are considered by 
Koepfli et al. (55) as having similar structural characteristics for growth 
promotion in Pisum. That any close structural relationship should exist 
between indoleacetic acid and other substances active for root formation 
was not to be expected when it has been known for several years that 
naphthaleneacetic and indolebutyric acids are much more effective in 
green tissue than any other substances (127). 
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The question of the relation between chemical structure and physiologi- 
cal activity has been concerned mainly with a study of substances active 
on a few etiolated test objects rather than with plants in general and green 
tissue in particular. Growth in intact green plants has never been shown 
to result from the application of simple acids as has been claimed for 
growth in test objects such as Avena, Pisum, Helianthus, etc. The status 
of the ‘acid growth” effect is far from settled since its validity depends 
upon the unproved assumption that the pH of the cell contents in intact 
green plants is appreciably lowered. It must be remembered that under 
the conditions in which intact green tissue plants have been treated, as in 
our laboratory, there is afforded no opportunity for immersing or bathing 
the tissue in acid buffers so that all regions exhibiting a growth response 
would be in equilibrium with the applied preparations. Even in the use of 
small isolated segments, a few millimeters in length, van Santen (82) has 
emphasized the difficulty of obtaining an equilibrium between the external 
acid solution and the cell contents, which has probably not been attained 
by all other workers. If simple acids can promote cell elongation in Avena 
without lowering the pH of the cell contents, then simple acids must be 
considered as active for cell elongation in Avena, which would mean cell 
elongation was not a highly specific response. 

The stimulus concept, particularly as interpreted by Fitting (31), has 
been opposed from the start by proponents of the specificity concept 
(Utrecht school) for the action of growth substances. Considering the rela- 
tively large number of growth substances which induce similar responses 
in plants, Jost (50, p. 748) remarked that these substances appear to act 
as chemical stimulants in the sense suggested by Fitting. Boysen Jensen 
(11, p. 525) also expresses a similar opinion. Went (112, p. 452; 114, p. 55) 
and Went and Thimann (116, p. 244-247) are opposed to the stimulus con- 
cept. Their arguments in favor of the specificity concept are based largely 
on claims relating to the “stoichiometric reaction,’’ the ‘‘master-reaction,”’ 
and the manner in which ‘‘auxin’’ is assumed to regulate the transport of 
other growth substances or is assumed to activate other factors (114, p. 55). 
These assumptions not only lack substantiation for all test objects, as 
pointed out in this section and in other sections, but substantial data op- 
posed to these claims continue to accumulate. There appears to be no 
specificity of action for any of the substances classed as plant hormones 
or growth substances which can compare with the specificity of action for 
animal hormones. 

Age and relative activity of cuttings. All leaves on the tomato plant do 
not have the same capacity to root. Leaves from the upper part of the 
plant produce more roots than those from the lower part. An example of 
this is shown for duplicate sets of leaves in Table I and for three upper 
leaves in Figure 3 A. In Table I, and in other tables with similar data, the 
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FIGURE 3. Relation between concentration, number of roots, and length of tissue from 
which roots emerged. (A) Root formation (seventh day) in tomato leaves of different age 
treated for 24 hours with solutions of indolebutyric acid. Youngest leaf on left and oldest on 
right, in each set. (Leaflets trimmed when photographed.) (B) Chrysanthemum (var. Red 
Bird) 13 days after treatment with indolebutyric (top row), naphthaleneacetic (middle row), 
and indoleacetic (lower row) acids. 


results are arranged so that a quick evaluation of the data may be accom- 
plished merely by referring to column totals and group totals which reflect 
all important trends appearing in the main body of the table. Thus, in 
Table I the relation between concentration of indolebutyric acid and the 
number of roots induced by the treatment is readily seen in the column 
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TABLE I 


Errect or AGE or LEAF ON Root FORMATION IN TOMATO PETIOLES. 
AVERAGE NUMBER OF Roots PER CUTTING 


Order of leaves Indolebutyric acid, mg. per liter Crakk 
Pp 
on plant from — sapate 
top to bottom Water 0.032 0.10 0.32 
I fo) ° fo) fo) fo) fs) IO 45 55 
2 ° ° ° 4 Va DE 39~=—s 36 97 
3 ° ° ° 2 10 5 32). 128 a7 
4 ° ° fo) ro) ° ) 9 10 19 
5 fo) ° fo) ro) fo) fo) 2 I 3 
Column totals ° ° fo) 6 17 16 92 120 


totals. The total performance (concentration effect) of the five leaves of 
different age (column totals) is represented by the totals for each series of 
values and shows that with increasing concentrations of growth substance, 
the number of roots in the tomato leaf cuttings increases. Similarly, the 
relation between the age of leaf and the number of roots induced by treat- 
ment with indolebutyric acid is shown by group totals. The total perform- 
ance of leaves, according to their age is represented by the totals (last 
column) for all four concentrations for each of the five age series. While it 
does not fall within the scope of the present paper to study the deviations 
in the many separate tests, all data essential for such a study appear in 
the main body of the table. 

Relative activity is also of importance. Leaves on slow-growing plants 
were not so sensitive as leaves located at a similar position on plants show- 
ing a normal vigorous growth. Bonny Best and Marglobe varieties of 
tomato do not grow at the same rate in the vegetative stage; hence some 
of the differences obtained in the root formation tests may be accounted 
for by differences in the rate of growth of the two varieties of the same 
age. However, either variety may be used with about equal success in the 
root formation tests. 

The rooting response of the tomato leaf according to the age and rela- 
tive activity of the cutting is representative of stem cuttings of most 
plants. Generally, the most striking examples are to be found in plants 
which are most difficult to root from cuttings. This applies irrespective of 
whether the cuttings have been treated with growth substance prepara- 
tions. As contrasting examples leafless cuttings of the commercial fruiting 
apple (Rhode Island Greening) and Hibiscus may be cited (Fig. 2 A and 
Table II). Tip cuttings of the apple (varieties Grimes Golden and Rhode 
Island Greening) taken from November to February rooted consistently 
(75 tu roo per cent) in five weeks when treated with indolebutyric acid 
(20 to 60 mg. per liter for 24 hours), whereas cuttings made from the re- 
mainder of the material on the same shoot showed less rooting or no root- 
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ing. A four-hour treatment with higher concentrations was also effective 
(Fig. 2 A). Control cuttings did not root in this time. The special method 
of burying treated cuttings in moist peat moss was described previously 


TABLE, IT 


RELATIVE ACTIVITY OF ACIDS AND SALTS FOR RooT FORMATION IN Hisiscus CuTTiINGs 
OF DIFFERENT AGE. AVERAGE NUMBER OF ROOTS PER CUTTING 


Acids K-salts 
Mg. per Group Group) Class 
liter | Indole- | Indole- |Naphtha-| totals | Indole-| Indole- | Naphtha- | totals | totals* 
acetic | butyric |leneacetic acetate | butyrate/ leneacetate 
Part A—Tip cuttings 
80 oe 51 4 58 4 T4 3 it 79 
40 Se 10 2 Ts 12 T3 8 31 46 
PO ° 7 7 14 6 38 5 49 63 
$e) 2 5 I 8 I 7 4 12 20 
Water Fi I fo) 8 ° I 2 3 Ir 
Column | | | 
totals | rs | 74 me |), titel 23 Wes 22 116 
Part B— Middle cuttings 
80 14 122 | 4 140 5 134 I 140 280 
40 Oo) so | 17 156 | I 189 25 Bae || Sie 
20 10 III 6 127 2 120 g 135 262 
10 ° 67 3 70 II II 6 28 98 
Water | ° 2 re) 2 fo) fo) 5 5 i 
Column | | 
totals 33 431 30 495 | 29 454 40 523 
Part C—Basal cuttings 
80 8 162 82 252 | 6 144 22 172 424 
40 13 206 42 | 261 | 4 192 | 16 212 473 
20 6) =| «103 II i= 120 9 62 7 78 198 
10 at age ge 4) "62 5 42 I 48 | 110 
Water 3 rs) 3) 4 ° 4 I 5 9 
| -- = = | e y 
Column | | | 
totals | 31 529 139 699 | 24 444 47 515 
Totals | | | 
(Part A, | | 
Baie) Tom tos4= |) 58g" 15207 | 76 g71 109 | II54 


* Summation of values for all acids and all salts. 


(39, p. 240). On the other hand, leafless tip cuttings of [Hibiscus syriacus 
given the same treatment rooted poorly as compared to cuttings made 
from the older material (Table II). Leafy cuttings of many other kinds of 
plants showed a similar critical difference according to the type of ma- 
terial used for the cuttings. Succulent tips of Chrysanthemum shoots were 
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much more sensitive than older portions below. Tip cuttings of Lonticera 
maacki treated with indolebutyric acid (20 mg. per liter) rooted poorly 
when taken in July and best when taken in September, as compared with 
the basal portions of the shoot. Young shoots taken the latter part of 
April rooted in 16 days when treated with concentrations of 5 to 10 mg. 
per liter. The bases of Arctostaphylos Uva-ursi shoots rooted better than 
the tip portions when the cuttings were treated with indolebutyric acid 
(5 to 10 mg. per liter) during October. Tip cuttings of Callicarpa japonica 
var. Koreana responded to lower concentrations than basal cuttings when 
taken the latter part of June. During June the tip cuttings of Kolkwitzia 
amabilis treated with indolebutyric acid (20 mg. per liter) were well rooted 
before any roots had emerged from the basal cuttings. Thus in root for- 
mation tests with green tissue the results are noticeably influenced by the 
condition of the tissue used for cuttings. Others have reported similar 


effects (49, 67). 
TABLE III 


INFLUENCE OF AGE OF TISSUE AT BASE OF PETIOLE ON ROOT FORMATION 
IN ToMATO LEAVES TREATED WITH INDOLEBUTYRIC ACID 


Tap water preparations Distilled water preparations 
Position of : : | Class 
facie Concn. mg. per liter Group Concn. mg. per liter | en | totals* 
Water | 0.032 | 0.32 totals Water | 0.032 | 0.32 totals 
At base ) 2 81 83 ° Il 110 121 204 
12mm. above I 27 32 60 ) 13 10 23 83 
25 mm. above ° 4 44 48 ° I 10 II 59 
Column totals I 33 157 IQ! ° 25 130 | 155 


* Summation of values for tap water and distilled water. 


Age of tissue at base of cutting. Propagators are familiar with the fact 
that at any particular time of the year the age of the tissue at the base 
of the cutting is an important limiting factor in root formation. Several 
reports have discussed this question (10, 40, 41, 118, 119, 122). Results 
for tomato leaf cuttings taken during the summer show that removing the 
basal portion before treatment reduces the number of roots formed (Table 
III). The reverse is true for tests carried out during the winter (Table IV). 
Similar seasonal variations are known for other test objects. Van Over- 
beek and Went have given this information for the pea (76) and Séding 
for Cephalaria (96). For Cephalaria the difference is much greater than is 
the case for either the pea or the tomato. 

Effect of leaf area. Root formation in tomato leaf cuttings was approxi- 
mately proportional to the amount of leaf area (Table V). The American 
holly (lex opaca) responds in a similar manner (122). Internodal cuttings 
of the Concord grape root with difficulty or not at all, even though it may 
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be shown that there is an abundance of stored food materials (121). Treat- 
ment of such cuttings with 20 to 80mg. per liter of indolebutyric acid in- 
duced the formation of many roots, particularly in the case of the higher 


TABLE IV 
RETREATMENT OF TomATo LEAF CUTTINGS WITH INDOLEBUTYRIC AcID (1 MG. PER LITER) 


Average number roots Length of petiole (mm.) from 
: : per cutting which roots emerged* 
Time basal portion 
was removed Length cut off Length cut off 
None I cm. 2cm. None rcm. 2 (Ciay. 

After 24-hour treatment 

with growth substance 28 27 Tah 40 43 35 
After 24-hour treatment 

with water (control) fo) ° 2 ° ° fo) 


After 24-hour treatment 
with growth substance 49 36 19 50 58 30 
then retreated 


Before treatment with 
growth substance 39 (ee) We, 35 53 35 


Before treatment with 
water I 8 fo) fo) 18 fo) 


* Measured from basal cut upward. 


TABLE V 


EFFECT OF RELATIVE LEAF AREA ON RooT FORMATION IN TOMATO PETIOLES 
TREATED WITH INDOLEBUTYRIC ACID 


; Tap water preparations Distilled water preparations 
aig 8 og 2 - = * Glace 
pe wees oncn. mg. per liter Group oncn. mg. per liter Group totals* 
Water | 0.032 | 0.32 | totals | Water | 0.032 | 0.32 totals 
All 5 I 122 | I Sots 2 26 119 147 305 
t/2 of all 5 2 ies 73 gl I 41 43 85 170 
1/2lower pair) 0 On} 4z II fo) fo) 13 13 24 
Terminal fo) fo) 3 3 fo) I fe) I 4 
None fe) fo) fo) ) fo) fo) fo) om re) 
Column totals} 3 140 | 212 202 3 | 68 175 246 


concentrations. Thus neither buds, leaves, nor nodal tissue were essential 
for root formation. However, in addition to lacking the capacity to form 
adventitious buds, the internodal cuttings failed to develop a normal type 
of branched root system. All of these cuttings died eventually after rooting, 
since adventitious shoots were not formed. 
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Van der Lek (66) demonstrated the importance of buds and leaves for 
root formation in cuttings. Having recognized the hormonal nature of 
root-forming substances furnished by buds and leaves, van der Lek laid 
the fundamental groundwork for our present knowledge of root formation. 
Similar results for the bud and leaf effect were reported by the present 
authors for currant (Ribes), Prunus tomentosa, grape, Viburnum, Hzibiscus, 
etc. (121). Bouillene and Went (10) later furnished much additional infor- 
mation concerning this effect and formulated a number of postulations for 
the action of the special substances involved. The influence of buds and 
leaves is both a quantitative and qualitative one, since the formation of 
branch roots, number of roots, and relative diameter of roots were involved 
(121). The influence of leaf area on root formation in cuttings of commer- 
cially important plants has been mentioned in other reports (43, 49). 
Response and recovery of plants following treatment with growth sub- 
stance were also influenced by the relative amount of leaf area (42). 


TABLE VI 


Root FORMATION IN TOMATO LEAVES TREATED WITH ALCOHOLIC 
SOLUTIONS OF INDOLEBUTYRIC ACID 


Indolebutyric Percentage of ethyl alcohol os Group 
acid, mg./I. Water 0.01 NOs One 1) “oe32 totals 
1.0 85 135 88 ji ° 315 
Our 18 36 Dy ° ° 71 
0.01 32 ie) fo) ° ° 42 
Water 7 fo) ° ) ° 7 
Column totals 142 181 105 7 ° | 


Alcoholic solvents. In confirming the results of Schlenker and Mittmann 
(84) and Pearse (77) relating to the application of growth substances di- 
rectly to the leaves of intact plants, it was noted that preparations con- 
taining from o.1 to 1.0 per cent ethyl alcohol were more effective when 
sprayed on leaves of the tomato than similar preparations minus alcohol. 
A similar alcohol effect was observed for root formation in the tomato leaf. 
Results in Table VI show that preparations containing o.o1 per cent ethyl 
alcohol were more effective than similar preparations not containing 
alcohol but which contained indolebutyric acid in concentrations of 0.1 to 
1.0 mg. per liter. The alcohol itself was not active for root formation and it 
was definitely toxic in concentrations of o.r per cent or higher. Methyl and 
iso-propyl alcohols gave similar results, except that these two alcohols 
proved less toxic. The optimal effect of alcohol occurred between the values 
0.0032 to 0.032 per cent. It appeared in some cases that growth substance 
preparations containing from 0.25 to 1.0 per cent ethyl alcohol were more 
effective on woody cuttings than similar preparations minus alcohol. These 
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results indicate that the penetration of growth substance may be increased 
by the presence of small amounts of alcohol. 

The influence of the solvent and the penetrating characteristics of the 
growth substance have probably not been given sufficient consideration 
in growth substance studies. Particularly from the standpoint of practical 
application, the question of solvents may prove of considerable impor- 
tance. The use of growth substance for several different purposes such as 
delaying the growth of buds or otherwise regulating the rate of growth, is 
now limited because of the difficulty with which lanolin and water prep- 
arations penetrate relatively impervious outer tissue when used in non- 
toxic concentrations. However, in some recent tests in which the growth of 
flower and leaf buds on fruit trees was delayed by sprays containing naph- 
thaleneacetic acid, it was found that water solutions as well as preparations 
containing ‘‘Penetrol”’ (an oxidized sulfanated petroleum product used as 
a carrier for insecticides) were effective. These results indicate that when 
a sufficiently high concentration of naphthaleneacetic acid was used pene- 
tration was obtained, but ‘‘Penetrol’’ was a more effective carrier than 
water. Even in the case of soft tissue, certain oils were found to be much 
better carriers of the growth substance than lanolin (38). It seems likely, 
also, that some of the so-called acid and pH effects may involve penetra- 
tion as suggested by Albaum, Kaiser, and Nestler (2). In the case of 
Nitella, penetration of indoleacetic acid was most rapid at the lower pH 
values, but the pH of the cell contents was not affected even by prepara- 
tions buffered at pH 4.1. The results reported by these authors do not lend 
support to the suggestion by J. Bonner (8) and Went and Thimann (116, 
p. 130) that the acidity of the applied growth substance lowers the pH of 
the tissue. 

Retreatment of cuttings. In these tests a portion of the basal part of the 
cutting was removed after an initial 24-hour treatment with growth sub- 
stance in order to determine the extent of the upward movement of the 
basally applied indolebutyric acid and also to determine to what extent 
the natural occurring substances, presumed to be essential for root forma- 
tion, had moved toward or accumulated at the base of the cutting. Some 
of the cuttings treated in this manner were subjected to a second 24-hour 
treatment with indolebutyric acid and some were transferred to water to 
serve as controls. In the case of the tomato leaf cuttings, a similar portion 
was removed from the basal end before the initial 24-hour treatment with 
indolebutyric acid in order to determine the effect of the age of tissue at 
the base on root formation. Results for the tomato leaf are shown in Table 
IV. The removal of a basal segment 1 cm. in length failed to reduce the 
number of roots formed or the length of tissue along the petiole from which 
the roots emerged. In contrast, the removal of a 2-cm. segment reduced the 
number of roots to less than one-half and the length of the rooting region 
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to seven-eighths. Thus the effect of the initial 24-hour treatment with 
growth substance was not eliminated by cutting off the basal 2-cm. seg- 
ment, although some reduction occurred in the number of roots formed. 
Similar cuttings retreated for a second 24-hour period formed more roots, 
which is an indication of an additive effect. In this case, also, there was 
better rooting on retreated cuttings from which a 1-cm. segment had been 
removed as compared to the removal of a 2-cm. segment. 

Results with tomato leaf cuttings are interpreted as meaning that the 
basally applied indolebutyric acid was absorbed and transported upward 
for a distance of more than 2 cm. and in an amount sufficient to induce root 
formation. This conclusion is opposed to the assumption (17; 18; 76; 114; 
116, p. 200-202) that there is no appreciable upward movement of basally 
applied growth substance and hence any root formation resulting from 
basal application is to be explained on the basis that there is an accumula- 
tion by downward movement of all of the substance or substances in the 
cutting which are necessary for root formation. According to this assump- 
tion, cutting off the treated base would remove all or most of the sub- 
stances essential for root formation which are presumed to have accumu- 
lated in the basal region of the cutting. Our results do not support such 
an assumption. Cooper’s data (17, Exp. C) do not support his conclusion 
that cutting off the basal three-fourths of an inch of treated leafy lemon 
cuttings nearly eliminated the effect of the treatment. The 4.9 roots rep- 
resent 39 per cent of the number (12.6) obtained on similar cuttings from 
which the bases were not removed after treatment. Similar results were 
reported at a later date (18). Our interpretation of his results is that the 
basally applied indoleacetic acid which he used moved upward in the 
lemon cuttings for a distance of more than three-fourths of an inch since 
the removal of this length did not eliminate, although it reduced, the 
effect of the treatment as implied. The failure to obtain more roots with a 
second treatment (retreatment) does not agree with our results with to- 
mato leaf cuttings or with cuttings of Concord grape, Euonymus radicans, 
TTibiscus syriacus, Ilex opaca, Rosa var. Excelsa, and Viburnum opulus. 
Leafless cuttings of grape and //ibiscus were used, but cuttings of the 
other four species had leaves. In contrast to the tomato leaf, in which 
cutting off the base did not eliminate the effect of the treatment, the 
effect of the treatment on grape cuttings was eliminated by cutting off 
the base. Thus the leafless grape cuttings responded like Cooper's leafless 
lemon cuttings with respect to the elimination of the effect of the initial 
24-hour treatment, but unlike the lemon, the grape cuttings responded to 
retreatment. Attention is again called to the fact that the effect of the 
treatment was not eliminated by cutting off the bases of leafy lemon cut- 
ting used by Cooper, although his leafless cuttings exhibited such an effect. 

Hibiscus cuttings differed slightly in their response from that reported 
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for grape. Not only did retreatment of Hibiscus cuttings cause an increase 
in the number of roots formed, but in the lot from which one and one-half 
inches had been cut off, root formation was better than in a similarly treat- 
ed lot from which the bases had not been removed. The corresponding lot 
which had not been retreated showed less reduction in root formation than 
similarly treated lots from which one-half and one inch, respectively, had 
been removed. According to the ‘‘local mobilization” effect postulated by 
Cooper (17) and Went and Thimann (116), it would be expected that the 
greater the length of the segment cut off after the initial treatment, the 
greater the chance that the cuttings would be depleted of all of the sub- 
stances essential for root formation (accumulated at the base) and hence 
would result in a much greater reduction in root formation. The assump- 
tion would not hold for the grape or the Hibiscus. 

Retreatment of leafy cuttings of Euonymus, Ilex, Rosa, and Viburnum 
from which three-fourths of an inch had been cut from the basal end, 
showed better rooting than similar cuttings which were not retreated. 
Results for J/ex opaca are shown in Figure 4 A. It is to be noted that in- 
doleacetic acid was not active for root formation under conditions in which 
indolebutyric acid was highly active (Fig. 4 A). Additional tests with Ilex 
opaca showed that three such segments could be cut off successively after 
each of three 24-hour treatments with indolebutyric acid without depleting 
the cuttings of substances essential for root formation. Thus at the end of 
a 72-hour period a total of two and one-fourth inches had been cut from 
the basal ends of the J/ex cuttings. Our interpretation is that cutting off a 
portion of the base of J/ex cuttings did not deplete it of all the substances 
essential for root formation, even though some reduction may have 
occurred. 

Results with retreated intact tomato plants indicated, also, that failure 
to respond as originally, was not associated with the loss of active sub- 
stances (125, p. 308). In these tests no portion of the plant was removed as 
was the case with woody cuttings. Thus, the initial application of growth 
substance, or the increase due to redistribution (and possibly to the forma- 
tion of more growth substance) in geotropically or phototropically stimu- 
lated organs, alters the tissue so that continued treatment or retreatment 
does not have the same effect. This possibility was not considered by 
Cooper (17, 18) or by Went and Thimann (116) in connection with their 
assumption that all substances essential for root formation are removed 
when the lower three-fourths of an inch of woody cuttings is cut off within 
24 hours after basal treatment with growth substance solutions. In our 
tests retreated control cuttings (bases not cut off) did not show an in- 
crease in the number of roots proportional to the increase in duration of 
treatment from 24 to 48 hours. This is a further indication that the tissue 
is appreciably altered during the first 24 hours of treatment. Emphasis 
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RETREATED 


NOT 


RETREATED 


INDOLEACETIC INDOLEBUTYRIC 
4omg/| 4omg/L 


3.2 0 mg/l 


FIGURE 4. (A) Ilex opaca cuttings 39 days after treatment with growth substance solu- 
tions. Top row treated 24 hours and then bases cut off; lower row treated 24 hours, then 
basal three-fourths inch cut off and treated for an additional 24 hours. (B) Tomato leaves 
slit at base and left half placed in indolebutyric acid and right half in tap water (in separate 
vials). Photographed 9 days later, 
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should be placed upon the fact that results obtained with cuttings of 
seven different genera show distinct differences in response to retreatment. 
Hellinga (36, p. 11) has pointed out that Cooper’s postulation of rhizo- 
caline in cuttings is an unnecessary prerequisite for root formation, since 
in her tests retreated cuttings from which the treated ends were cut off 
showed increased root formation when placed in sugar solutions. We ob- 
tained a similar increase in root formation, in our tests, without the use of 
sugar or other supplementary food factors. Pearse (78) and Dorfmiiller 
(25, p. 483) likewise were unable to verify Cooper’s results relating to re- 
treatment of cuttings. Since the “local mobilization’’ hypothesis has not 
been substantiated, it would appear to have no general application. 
Retreatment tests such as the ones described are complicated by the 
fact that in many varieties the position of the basal cut is of considerable 
importance in determining the number of roots formed. In the case of 
tomato leaf cuttings taken during the winter, removal of a portion of the 
base before treatment resulted in the production of more roots (Table IV). 
This militates against the idea that there is a limited amount of substances 
essential for root formation so that reducing the length of the cuttings 
as postulated by Went for the pea hypocotyl (114) should reduce propor- 
tionally the number of roots formed. Such an assumption has no applica- 
tion to short cuttings which root as readily as or more readily than longer 
cuttings. However, in retreatment tests the influence of the position of the 
basal cut should be accounted for satisfactorily. In addition to the increase 
in the number of roots formed, retreatment of tomato cuttings caused 
root formation in tissue above the basal cut (Table IV). Since our results 
show that there is some additive effect of retreatment (increased number 
of roots), it serves as evidence that the transport of applied growth sub- 
stance extended upward beyond the three-fourths of an inch postulated by 
Cooper (17). This is discussed further in the section dealing with transport. 
Deferred treatment of //ex opaca cuttings with an interval of 76 days 
between the time the cuttings were made and treated with growth sub- 
stance was reported as effective by Stuart and Marth (97). Cooper and 
Went (19) obtained similar results for Hamlin sweet orange, Camellia, and 
Papaya. We obtained similar results with Camellia japonica var. Alba 
Plena, which is one of the most difficult varieties to root, and also with 
Taxus cuspidata and Buxus. The interval in our tests was from six weeks 
to five months. This type of deferred treatment was effective regardless 
of whether the cuttings had been treated previously with indolebutyric 
acid. There was thus no indication of a pronounced additive effect in these 
tests such as was obtained in tests where retreatment was administered 24 
hours after the initial treatment. Cooper and Went (1g) failed to distin- 
guish between deferred treatment and retreatment. It is thus not known 
whether, in their tests, the slight increase in number of roots was due to an 
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additive effect of the initial treatment and that given three weeks later, 
or whether it was due solely to the effect of the second treatment. Whereas 
Cooper and Went (19) made no mention of control cuttings (those treated 
initially with water and after three weeks treated with growth substance), 
we found that both control and treated cuttings responded essentially 
the same to treatment with growth substance at a later period. It would 
appear that the changes which occur in some cuttings (Camellia, Taxus, 
etc.) while remaining in the rooting medium during a period of several 
weeks or several months, are comparable to changes occurring in shoots 
on the intact plant in which case the condition of the tissue and time of 
year cuttings are taken determine their capacity to form roots. In the case 
of Taxus, the callus knobs were removed from some cuttings just prior to 
treatment with indolebutyric acid. In these particular cuttings more roots 
were formed eventually and they emerged from a greater length of stem 
tissue as compared with those which did not have the callus knob cut off. 
However, the treated Taxus cuttings with intact callus knobs rooted in a 
shorter time than those from which the callus knobs had been removed. 
From the practical standpoint it is advisable to treat cuttings with intact 
callus. In cases where root formation seldom occurs in the absence of callus, 
as in Camellia, Rhododendron, and Vaccinium (blueberry), an initial treat- 
ment with growth substance would be expected to hasten callus formation 
and thereby prove beneficial from the standpoint of providing at an earlier 
time one of the conditions which favors rooting. Subsequent treatment at 
a later period (retreatment) might, then, induce root formation in certain 
species which do not respond readily to the initial treatment. The Alba 
Plena variety of Camellia belongs to this class. In contrast, other varieties 
of Camellia (Dixie, Sarah Frost, and var. Rosea Grandiflora) respond so 
readily to an initial treatment with indolebutyric acid that a deferred treat- 
ment or a retreatment would be unnecessary. Results with 7axus cuttings 
indicated that callus knobs retarded the absorption and upward movement 
of the basally applied indolebutyric acid, so that root formation in this 
type of treated cutting was mainly basal. These results agree with those 
reported by Stuart and Marth for Ilex opaca (97). 

Relationships associated with concentration. Although long periods of 
treatment resulted in the formation of more roots than occurred with short 
periods, there was no proportional relationship between the concentration 
of growth substance and the duration of treatment (Table VII). Likewise, 
there was no close relation between the amount of solution absorbed by 
cuttings and the number of roots induced (Tables VII and VIII). On the 
basis of the amount of growth substance calculated to be present in the 
volume of solution absorbed by cuttings, the total amount of growth sub- 
stance was of less importance for rooting than the concentration applied. 
However, where extreme differences in conditions influencing transpira- 


1938] Hitrencock & ZIMMERMAN—GROWTH SUBSTANCES 487 


tion were provided, differences in root formation resulted (Tables VII, 
VIII, and IX). Thus atmospheric conditions (quantity and quality of 
light, temperature, and humidity) are important factors in determining 
the relative effectiveness of the treatment regardless of the concentration 
of growth substance used. These results are in agreement with those re- 
ported by the writers (42) and van der Lek and Krijthe (67) for the ab- 
sorption and transport of growth substances. 


TABLE VII 


RELATION BETWEEN CONCENTRATION OF GROWTH SUBSTANCE, DURATION OF TREATMENT, 
AMOUNT OF SOLUTION ABSORBED, AND RooT FORMATION IN CUTTINGS OF PACHYSANDRA 
TERMINALIS TAKEN IN OCTOBER. AVERAGE VALUES PER CUTTING 


Pan. 4 hours 8 hours 16 hours 32 hours 64 hours | Class totals* 
indole- i 
Gas, |eSolkse s Soln. Soln. Soln. Soln. 
“neat ab- ore ab= ve ab- | No- | ab- Ne: ab- ae Water Me 
me. /i, |Sorbed Of |sorbed| © |sorbed| ©. |sorbed| ©! |sorbed| ° oss || © 
8-/* Jin ec **) TOOTS n ee **| TOOTS! ec *#] TOOTS! n Gc ¥*| TOOTS|| , Gc #¥| TOOtS roots 
A. Cuttings exposed during treatment 
160 5 26 B50 2I es RY | Wee F DGS Byres fo) 38 | I0o 
80 0.6 29 351 64 HO) BO) |) WA) GO | ula | mie 36 | 300 
40 PeS) | Bop | BsCy |, A Meta! RP SS) || yay sue || evel 3I | 226 
Dey || hale) 28 7) 13 Be 22 Wook Ba | Ww 7, BS || WB 
TOS ||) L7 35 I.9 8 4.0 16 g.o LO) | 16-0 20 B4aeLOl 
| cee 21 £0 8 5.0 8 || toss EZ |) TAA 24 34 WB 
Column) 
totals Feit Ae Am ats alle oO TeeheeE AS Mims 7 Zea C Aa O2r7 ee ts 201 | 948 


B. Cuttings under bell jar during treatmentT 


160 G2 225\\ (Ons 20 iO 12 Tis 7, 3 Rote) || agit} OD | 2770 
80 Ong. seis | o.2] 20 Ag 9 1.8 20 30) 40 Sul) 120 
40 Cine Piteiel| ewer site) TO 12 1.9 44 DIS 21 6 | 135 
20 O.2 31 Ore 14 en II Bt 43 3.0 21 8 | 120 
se) o.2°| 12 0.2 25 ceil 5 Tot 37 2.0 9 5 88 
° Ors). 47 One ee 0G oil 6 Tet 16 2.0 24 5 81 
Column 
totals Bode GAS Teo) wes 6.8 rs OQuyal Ly2 We wORa 225 ay ||| ye) 


* Summation of values for all five time periods. 
** Represents difference in volume before and after treatment. 
+ Exit hole at top of bell jar left open. 


Considering the relatively large number of substances which have been 
reported as active for root formation, it is a matter of interest to know how 
one may distinguish between substances which are active and those which 
are not. Treatment of cuttings of more than roo species with growth sub- 
stances indicated that no sharp line of distinction exists. Most species 
were consistently more sensitive to indolebutyric acid than to either indole- 
acetic or naphthaleneacetic acids. Some plants were about equally sensi- 
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TABLE VIII 


RELATION BETWEEN ABSORPTION OF GROWTH SUBSTANCE SOLUTION UNDER DIFFERENT 
ATMOSPHERIC CONDITIONS AND Root FORMATION IN CUTTINGS OF CHRYSANTHEMUM 
VarRIETY Rep Birp. TREATMENT FOR 24 Hours. 

Root Counts Enp oF TENTH DAY 
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Greenhouse, Greenhouse, 
Dura- wie pe C)_ eras glass painted clear glass 
tion of : Ce ae (18°—-28° C.) (27°-38° C.) 
Treatment | treat- 
ment, | Soln. | Av. No.} Soln. | Av. No.| Soln. | Av. No. | Soln. | Av. No. 
hrs. | lost, | roots per| lost, | roots per} lost, | roots per| lost, | roots per 
cc. | cutting | cc. | cutting | cc. | cutting | cc. | cutting 
A. Cuttings exposed during treatment 
Controls I 15 14 1.6 13 ons II 3.0 4 
(tap water) 4 Ke, II a 13 Sot 16 5.5 II 
16 Tas 12 eds 12 ra II 6.5 13 
| 
Column totals 12.0 37 8.6 38 9.5 38 TS oS 28 
Indolebutyric I ios ER Te & 13 5.6 8 pale 14 
acid, 1.25 mg. 4 2.5 13 Ans 17 520 26 7.0 25 
per liter 16 Ge 8 27 Bale 40 5-5 29 | 6.0 42 
Column totals Ld ag 53 g.0 70 EA seh 63 i558 | 81 
B. Cuttings under bell jar during treatment* 
| 
Controls I tas 1) 0.4 15 a5 II 1.0 13 
(tap water) 4 3510 ae) 545 17 A) I5 Se5 ace) 
16 BO 14 Dis 8 2.0 ra Acs 6 
Column totals Ga By 6.0 40 5 38 rh eo, 20 
Indolebutyric I Ons 13 EO 21 i.6 13 2.6.) ae 
acid, 1.25 mg. 4 4.0 23 BS, B7 I.0 7 7.0 46 
per liter 16 3.0 18 3.0 31 3.0 18 | 5.0 33 
Column totals Tbe 54 es 69 5.0 48 14.0 QI 
* Exit hole at top of bell jar left open. 
RAS ees es. 
Root FORMATION IN Tomato LEAF CurTiNnGs KEP? UNDER DIFFERENT TyprEs oF GLASS 
ioide Color or type Indolebutyric acid, mg. per liter Goon 
No. of glass ANE he Oe a ; 
Water 0.03% 0.10 O35 open 
aa st _—— som = —— —————— — | |- — = 
I Clear fe) fo) ° ° ° 
2 Opaque quartz fe) ° ° 47 47 
3 Blue 4 7 48 31 go 
4 Yellow 2 ° 72 ac 107 
5 Red fo) 16 46 153 any 
Column totals 6 23 ‘- 166 - 206 7 
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tive to indolebutyric and naphthaleneacetic acids, and others responded 
best to naphthaleneacetic acid. Indoleacetic acid was not as effective as 
indolebutyric or naphthaleneacetic acids. Increasing the concentration of 
any one of these three substances caused a marked increase in the number 
of roots induced. In contrast, results with phenyl compounds (phenylacetic 
acid, phenylpropionic acid, sodium cinnamate, nitrocinnamic acid, amino- 
phenylacetic acid, etc.) have not shown a marked increase in number of 
roots induced in tomato leaf cuttings, and the effective range was much 
narrower. The phenyl compounds mentioned are definitely of low or ques- 
tionable activity for root formation (depending upon the test plant) but as 
compared with the highly active indole and naphthalene compounds the 
difference is a quantitative one. The high activity of indolebutyric acid 
for root formation in green tissue which has been found in all tests re- 
ported from this laboratory has also been confirmed by other investigators 
(13, 78, 79, 88, 102, 103). An attempt to explain growth substance activity 
solely in terms of results obtained with indoleacetic acid would be highly 
speculative with relation to root formation. 

Besides inducing the formation of a greater number of roots, the highly 
active indole and naphthalene compounds caused roots to emerge from a 
greater length of stem or petiole tissue than was normally the case in con- 
trol cuttings. This relationship was a function of concentration (Figs. 1 C, 
1 D, 2 B, 3 A, 3 B, and Tables IV, X, XI). On the basis of this relationship 
substances may be classed as showing high activity or little or no activity 
for root formation, since it is a question of inducing root formation in 
many varieties of cuttings in tissue where roots are not normally formed 
(49, 102). This applies particularly to cuttings which normally form roots 
only at the base or only at the nodes. Traub (104) did not refer to this type 
of response. Growth promotion in the tomato petiole (Table XII) was 
also a function of concentration and represents a test which is sensitive 
to concentrations of 1 mg. per liter or less. 

In contrast to the results described by Went for the pea hypocotyl 


TABLE X 
Root FORMATION AFTER E1GHT DAys IN YOUNG SHOOTS* OF CHRYSANTHEMUM 
(VaR. RED Birp) TREATED WITH INDOLEBUTYRIC ACID FOR 24 Hours 


Distance above base 
(mm.) roots emerged 


C / Av. No. roots 
ie atone feos a per cutting 


1.00 34 17 


O32 | 32 27 
0.10 13 5 
0.03 | 4 8 


Water 6 | 13 


* Tip cuttings made with basal cut through soft tissue. 
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TABLE XI 


Upwarp MoveMENT or Acips AND Esters AS INDICATED BY ROOT FORMATION ABOVE THE 
BAsr. DisTANCE IN MILLIMETERS FROM BASAL Cut SURFACE TO UPPERMOST 
Root on Tomato LEAVES AT END OF SEVENTH Day* 


Ronit ot Bonny Best variety Marglobe variety a 
growth |Name** Grou Grou totalet 

substance Water |10-§ M|10 > M rele Water |10-* Mj10 > M ete 

IA ° ° 30 30 ° ° ° ° 30 

Acids IB 3 21 57 81 ° ° 45 45 126 

NA ° 25 74 99 ) 23 49 72 171 

Column totals 3 46 161 210 ) 23 94 117 327 
z z | 

Methyl MIA ° 37 27 64 ° I5 4 19 | 83 

Sectors MIB ° ° 51 oar ° 4 47 51 102 

MNA fo) 27 37 64 ° 10 52 62 126 

Column totals co) 64 II5 179 ° 29 ' 103 132 3X0 

Ethyl EIA fo) 7 13 20 fe) ee ee ee 75 

ie EIB 4 22 58 84 fo) Cotas 4. lecS4: 138 

ENA ° 25 48 73 ° ° 48 | 48 121 

Column totals 4 54 119 £77 o. (| § 152 | £57 | 334 


* Root counts for these cuttings appear in Table XVII. 
** TA =indoleacetic, IB =indolebutyric, NA =naphthaleneacetic. 
{~ Summation of values for both varieties of tomato. 


(114, p. 72), our results with different species of cuttings show that basal 
application of growth substances is effective for root formation over a 


range in concentration of about 10,000-fold, beginning at 1077 and extend- 
ing to about 3X10 %M. Concentrations effective for root formation de- 


TABLE XII 
GRowTH PROMOTION IN ToMATO LEAF CuTTINGS AS INDICATED BY THE PERCENTAGE 


Position of Indolebutyric acid, mg./I. Indoleacetic acid, mg./I. 
sacri —_—_—____— -| Group |—— eh ee 
segment totals | ,,, | tote 
(s mm.) Water| 0.032] 0.10 | 0.32 cased Water] 0.032 | 0.10 | 0.32 in 
Basal 5 6 12 fi ji ee Tor ly, 
L 3 27 51 I IS 10 15 31 
eae 4 7 8 8 26 a 2 7 IO 22 
: Pe fe) fe) 7 7 14 I 6 5 6 18 
Column totals 8 13 28 42 eens ia 5 i 13 : 22 3 : 


pended upon the species of plant, the condition of material used for cut- 
tings, and the duration of the treatment. We have found, for example, that 
concentrations less than ro-4M (1 to 10 mg. per liter) were active for root 
formation in more than 100 species of cuttings, so that the critical limit 
of 10 4 molar must be regarded as a special case for the pea. Concentrations 
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of 1 to 5 mg. per liter are active for root formation in young shoots of most 
common deciduous shrubs such as Forsythia, Lonicera, Spiraea, Hydrangea, 
Weigela, ornamental Prunus, etc. Many varieties of rose require less than 


5 mg. per liter to give optimum rooting. For example, when flowering 


TABEEP <I 
INFLUENCE OF COMPOSITION AND CONCENTRATION OF BUFFER ON Root FORMATION IN 


Tomato LEAF CuTTINGS TREATED WITH SOLUTIONS OF INDOLEBUTYRIC ACID 
AND Its PoTassiuM SALts. AVERAGE NUMBER OF ROoTs PER 


CUTTING AT END OF SEVENTH Day 


Bufier Molar Bonny Best variety Marglobe variety 
(pH Kind of | concn. | Totals 
values for| growth prowth Molar concn. of buffer | Molar concn. of buffer | for 
to *M | substance sub- : : each 
solns.) Stance oe T0777 | to-> | t0o73 Dist. ro7? || to-® | t= buffer* 
water | water i 
A. Acid buffers pH 4.9-5.2 
Phthalate | Indole- Tey 5 2 I 19 I ) B 14 
NaOH butyric Tomes ro) ° ° ° I fe) ) ° 46 
pH 4.9 acid CkA* fo) fo) ° fo) fo) co) fo) 
Phthalate | Potassium | 10° 6 3 I Dy 9 9 14 10 
NaOH indole- Oy! ° 2 I ° ° fo) ° I 83 
pH 4.9 butyrate| Ck. fo) ) fo) ° ° ° fo) 
Nutrient | Indole- Lone 4 5 II 5 9 sie) 14 Io 
buffer butyric to"? ° ° ° ° ° ° ° ° 68 
Did 5e2 acid Ck fo) fo) ° ° fo) fo) fo) ° 
Nutrient | Potassium | 10° 3 I 2 fo) 5 ) 14 4 
buffer indole- Toms fo) ° 2 fo) 2 fo) 2 o}| 44 
pH 5.2 butyrate} Ck. fo) fo) ) fo) ° fo) fo) ° 
Column totals 18 13 18 51 27 28 | 47 39 
B. Neutral buffers pH 6.2—7.2 
Phthalate | Indole- To? ° I 6 36 3 20 28 44 
NaOH butyric to? ro) fo) fo) 2 4 I I o | 146 
pH 6.2 acid Ck. ° ° fo) co) fc) fo) fo) 
Phthalate} Potassium | 10° a 4 a) 4 4 22 22 9 
NaOH indole- LOT! re) fo) fe) 5 ° fo) 2 ) 87 
pH 6.2 butyrate| Ck fo) fe) fo) fo) ° fo) fo) ° 
KH2PO, Indole- Io 8 07 3 3 34 6 10 3 5 
NaOH butyric Koa fo) ° fo) fo) fo) fo) 2 3 95 
pH 7.2 acid (ole ° ro) fo) fo) fo) fo) fo) ) 
KH2PO, | Potassium | 10° 8 II I I 17 I 21 30 
NaOH indole- ioe fo) fo) fo) fo) fe) fo) fe) o | 90 
pH 7.2 butyrate} Ck ° ° ° ° fo) fo) fo) ro) 
Column totals 28 19 13 82 34 63 79 | 100 


* Summation of values for both varieties of tomato. 
** Distilled water control. 
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shoots of the Briarcliff rose were used as a source of cutting material, 
indolebutyric acid in a concentration of 1 to 2.5 mg. per liter gave best 
results particularly from the standpoint of the subsequent shoot and root 
growth. Oliver recommended 20 to 40 mg. per liter for treating rose cut- 


TABLE XIV 


RooTiInG RESPONSE OF TOMATO CUTTINGS ACCORDING TO THE NUMBER OF ROOTS FOR ALL 
CONCENTRATIONS OF GROWTH SUBSTANCE AND ALL DiILuTIONS OF EACH BUFFER 
(DaTA FROM TABLE XIII) 


pH value of Indolebutyric acid Potassium indolebutyrate / oie 
10° M : 
Bonny Group Bonny | Group | totals* 
buffer | “Best. | Marglobe! totals Best Marglobe totals | 
4.9 25 18 43 30 42 81 124 
5.2 25 43 68 6 33 39 107 
Column totals 50 61 if o3 45 75 : 120 231 
6.24 44 100 144 18 66 84 228 
TES 56 38 04 2% 68 89 183 
Column totals 100 138 238 | Bo | rsa 173 ) 411 


* Summation of values for acid and salt. 


TABLE XV 


Root FORMATION IN TOMATO LEAF CUTTINGS TREATED WITH ACIDIFIED UNBUFFERED 
SOLUTIONS OF INDOLEBUTYRIC ACID. AVERAGE NUMBER OF ROOTS PER 
CUTTING AT END OF SEVENTH Day 


. pH adjusted with citric acid pH adjusted with sulphuric acid 
oncn., ; —— — - ——- 
mg./l. | pH 3.97 pH 5.0\pH 6.1/pH 7.3) Group ||pH 3.3.pH 4.8 pH 6.2 pH 7.4, Group 
A.t* 4.7 6.8 7.6| totals 3-9) 5.4 6.8 7.6 totals 
3.200 44 71 86 08 299 || 99 | 102 60 07 367 
0.320 | 16 9 TW OE 2? Gh) SSA TI ets on |haemeS 17 3 33 
0.032 I 8 ° ° oq 1 2 3 ° 4 9 
0.00ot I 2 fr) re) ee se re) Go| ay ° 
= bal | a ee ee mt 3 b 
Column | | | 
totals | 62 | 909 | 93 100 || 106 113 | 86 | 104 


* At beginning of treatment. 

** At end of 24-hour treatment when cuttings were transferred to tap water. 

+t Tap water. 
tings (73). Unlike Went’s results with the pea hypocotyl, our results show 
that concentrations of growth substance ranging from 0.1 to 500 mg. per 
liter (0.5 X10 to 2.510 %M) will induce roots to form not only at the 
base of the cutting, but from the lower one-fourth to three-fourths of the 
stem. For this type of response there is no critical limit of 104M such as 
Went has stipulated for the pea hypocotyl. Furthermore, many varieties 
of normal cuttings form roots in the middle portion of the stem, so that 
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Went’s speculative explanations attempting to account for the absence 
of roots in the middle portion of the pea hypocotyl (114) are unnecessary 
assumptions for normal tissue. 

Relative activity of acids, salts, and esters. Root formation tests with 
the tomato leaf cutting (Tables XIII, XIV, XV, and Fig. 5) and with 
Mibiscus, Deutzia, Celastrus, and grape (Tables II and XVI) show that 


DABLE XVI 


RELATIVE EFFECTIVENESS OF GROWTH SUBSTANCE ACIDS, SALTS, AND ESTERS AS 
DETERMINED BY THE AVERAGE NUMBER OF ROOTS PER CUTTING* 


Naphthaleneacetic Indolebutyric 

Species and) - = * Class 
time taken | 5 = as be | Sel ed oe aa = Ls tee | totale** 
6 wo| O oe Oe een eae (oe | , o See | OS 
OES PS [esi elOs| at Se las ass 

Deutzia 60 | 28 7 2 II 48 14 ng 18 10 55 103 
magnifica 40 | 15 6 10 6 AG 16 6 8 8 38 as 
Uant9) “| 20] 8 2 II Oull 930 5 13 ©. || me | Ag 75 
| fo) 2 2 I 2 Gi 2 2 I I 6 13 

Column totalst | 53 21 2601 32 Ail RAT 36 | 34 
Hibiscus 60 ° 2 6 4 12 10 17 10 12 49 61 
SYriacus | 40] 2 3 B 2 10 9 13 12 8 42 52 
(Jan. 20) 20 ° ° ° I I 5 10 12 6 33 34 
| 0 I ° | 2 5 8 3 I ° I 5 13 

Column totals & 6 12 14 27 49 4I ail 
Celastrus | 80 | 55 19 27 | se |) age 27 10 32 22 gl 225 
articulatus 60 | 24 21 19 17 81 20 14 II 38 83 164 
(April 4) | 40 | 15 10 23 21 69 27 10 10 13 60 120 
© || -6 fo) ) ° Fo) fo) ro) fo) fo) fo) ) 

Column totals 94 | 60 74 82 yA | AT 57 88 
Concord 80 | 30 DAW G2 W304 tes 30 13 ToT 74 199 
grape | 40 | £0) x! 10 eae ° 66 22 32 AG) i BS a\| WHS 181 
(April 4) OV 4 4 4 4 6 4 4 4 Af ee 32 

Column totals 50 | 59 73 50 65 50 34 69 


* Hardwood leafless cuttings when treated (4 cuttings per test). 
** Summation of values for all forms of both growth substances. 
+ Corrected to give equivalent molecular values. 
tt Average for 8 control cuttings. 


salts of indoleacetic, indolebutyric, and naphthaleneacetic acids were of 
high activity, although not necessarily the same activity as the correspond- 
ing acids. On a molar basis (column totals, Table XVI) the difference is 
relatively small. The differences in the relative effectiveness of the two 
growth substances are also evident (column totals, Table XVI). This point 
has been given little or no consideration by other investigators who have 
confined their tests mainly to the use of indoleacetic acid. The high activity 
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FIGURE 5. Root formation after eight days in tomato leaf cuttings treated 24 hours with 


indolebutyric acid adjusted to different pH values with (A) citric acid and (B) sulphuric 
acid (see text), 
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of indolebutyric acid and its potassium salt on /ibiscus is typical for many 
other genera. On the other hand, indoleacetic acid has always proved less 
effective for root formation than either naphthaleneacetic or indolebutyric 
acids which is in agreement with the results of others (13, 79, 88, 102, TO, 
105, 106). It appeared to make little difference whether the acid was par- 
tially or completely neutralized with potassium hydroxide (Fig. 1). The 
possible objection that some preparations of growth substance salts have 
a distinctly acid reaction when dissolved in distilled water is therefore not 
a serious one for root formation except in those cases where a definite and 


TABLE XVII 


RELATIVE AcTIVITY OF ACIDS AND EsTERS FOR ROOT FORMATION IN TOMATO LEAF CUTTINGS 
AT END OF SIXTH Day. AVERAGE NUMBER OF RooTs PER CUTTING* 


Form of Bonny Best variety Marglobe variety 


grote Name** = - Class 
sub- = e a roup - = Group | totalst 
Efaace Water |10-* M/ro™* M| i G¢a1, | Water |r0-* M|10 §M toile 
IA ° ° 6 6 fo) ° ° ° 6 
Acids IB ° 20 122 142 ° ° 54 54 196 
NA ° 6 40 46 ° 16 Bi 53 99 
Column totals fo) 26 168 104 fo) 16 gt 107 301 
Methyl | MIA ° 2 9 Ir fo) I I I 14 
esters MIB fo) fo) 116 116 fo) I 82 83 199 
MNA ° 15 12 27 fo) 8 16 24 Bik 
Column totals ° 17 137 154 ° 10 99 108 262 
Ethyl EIA ° Z 1D 14 ° I 24 25 39 
esters EIB Fo) 7 fe BS ro) fo) 83 83 168 
ENA ° 12 32 44 fo) ° 42 42 86 
Column totals orl 25 122 149 fo) I 140 150 203 
| i 


* Data for length of tissue from which roots emerged appear in Table XI. 
** TA =indoleacetic, IB =indolebutyric, NA =naphthaleneacetic. 
{ Summation of values for both varieties of tomato. 


known pH is wanted for experimental reasons. In the latter case it is of 
course preferable to prepare the salt from the particular acid used in the 
same tests, and to add that amount of alkali which will bring the solution 
to the desired pH. 

The methyl! and ethyl esters of indolebutyric acid were also of high 
activity for root formation in cuttings (Tables XI, XVI, and XVII). These 
results are an indication not only of the relatively high activity of the 
esters, but also of the differences due to the kind of growth substance and 
the specie of cutting. 

The assumption that a growth substance can be active, or useful to the 
plant, only when applied in an acid solution on the basis that only under 
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such conditions can any appreciable quantity of the non-dissociated active 
form be available, had its origin particularly in the reports of Dolk and 
Thimann (24) and J. Bonner (8). Contrary to these stipulations, our re- 
sults have shown that growth substances (other than auxins A and B) are 
highly active for growth promotion and root formation regardless of 
whether applied as an acid, salt, or ester (124). Avery and his associates 
(3) demonstrated that this held true also for the Avena curvature test. 
D. M. Bonner (7) and Thimann and Schneider (100) have recently con- 
firmed our results relating to the relative activity of the acid and salt. 
Although under some conditions it appears that the salts may be more ac- 


TABLE XVIII 


PH VALUES OF GROWTH SUBSTANCE ACIDS AND SALTS IN DISTILLED WATER OF PH 5.97. 
MEASUREMENTS WITH GLASS ELECTRODE 


Boriifot siowih Molar concentration 


substance 


Name of growth substance 


Lowes ro. to * to7? 

Indoleacetic 3-79 5.67 5-92 5.94 

Acids Indolebutyric 3.96 5.69 5-97 6.01 
Naphthaleneacetic 3.66 S655 5.81 5-91 

Indoleacetic 8.56 6.01 5-94 5.86 

Neutralized acids | Indolebutyric Q.10 6.01 5.87 5.87 
Naphthaleneacetic 6.16 6.04 5.86 5.96 

Potassium indoleacetate SIRO. | W6LOr 5.91 5-94 

Potassium salts Potassium indolebutyrate 5.82 5-97 5.88 5-92 
Potassium naphthaleneacetate | 6.09 5-94 5.86 5.86 

‘ : Acetic acid 2.08 5.46 5.81 5.89 
oiniple aes Potassium acetate 6.87 5.96 6.01 5.96 


* Stock solutions, not used in rooting tests. 


tive than the acids, it was pointed out (124, p. 346) that this is of less 
importance at present than the fact that the salts are of high activity for 
growth promotion and root formation regardless of the conditions in the 
external solution which affect dissociation of the growth substance. For 
root formation in the tomato leaf cutting the activity of several growth 
substances had no direct relation to the pH of the solution or to the dis- 
sociation of the growth substance in either buffered or unbuffered prepara- 
tions. Composition and concentration of the buffer, and not pH, deter- 
mined relative effectiveness, and this held true only in the presence of the 
growth substance (Tables XIII and XIV). Although a minor influence of 
pH was observed, in contrast to the predominating influence suggested 
by J. Bonner (8), it was of particular interest that neutral buffers contain- 
ing growth substance gave better rooting than the acid buffers containing 
growth substance (Tables XIII and XIV). This means that growth sub- 
stances do not need to be made acid in order to obtain high activity for 
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root formation. Results in Table XII show that an acid reaction is not es- 
sential for growth promotion in the tomato leaf. 

Considering the fact that Dolk and Thimann (24) had previously 
pointed out (p. 40) ‘‘The pH effect on the test is found principally in the 
buffered solutions; unbuffered solutions give much better results even in 
the alkaline range,”’ it is surprising that J. Bonner failed to furnish com- 
parable data for unbuffered solutions. Our measurements of the pH of 
unbuffered (Table XVIII) and dilute buffered preparations of growth sub- 


8 


KH2P04 (pH 723) 

PHTHALATE-NaOH (pH 6.24) 
3-SALT NUTRIENT ( pH 4.6) 
PHTHALATE-NaOH (pH 4.2) 


7 DISTILLED WATER pH 5.72 


107 io-3 10-9 1077 


MOLAR CONCENTRATION 


FiGuRE 6. pH values of buffered solutions at different dilutions, 


stance (Fig. 6) showed that at low dilutions (10~* molar or less) there is 
no pH effect and hence the substance does not act as a weak acid. High 
activity is thus obtained under conditions of practically complete dissocia- 
tion (1). Too much reliance cannot be placed on pH measurements of 
crushed tissue. There is the possibility that the pH of crushed Avena tissue 
does not represent the pH of cellular contents in intact tissue. As pre- 
viously mentioned, Albaum and his associates (2) found that the pH of the 
cell contents of Nitella did not change when placed in buffers ranging from 
pH 4.1 to 7.1, even though the rate of penetration of indoleacetic acid was 
definitely a function of pH, being most rapid at the lower acid pH values. 
J. Bonner and others have given no consideration to the question of 
whether tissue other than Avena would have the same internal pH, and 
whether what was claimed for Avena would hold also for other plants. The 
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pH of fresh leaf extracts of Cucumis sativus L. was found to be 6.91 (glass 
electrode) and 7.22 (quinhydrone electrode). After r5 minutes the pH was 
6.61 (glass electrode). Extracts of stems were more acid, giving a pH value 
of 5.6, and remained the same when measured at 3-, 6-, and 15-minute 
intervals thereafter (glass electrode). 

That the pea hypocoty] test is not specific for known growth substances 
is indicated by the following statement (76, p. 36): ‘Buffers requiring 
citric acid were unsuitable since the citric acid contained traces of active 
substances which caused slight bending of the split stems.’’ Since both 
Dolk and Thimann (24) and J. Bonner (8) used Mcllvaine’s phosphate- 
citric acid buffer, the marked buffer activity (over 50 per cent of the ac- 
tivity) which they reported may have been due to the active growth-pro- 
moting substances contained in the citric acid as pointed out by van 
Overbeek and Went (76). In our tests citric and sulphuric acids were not 
active for root formation (Table XV and Fig. 5). Likewise, citric acid in 
concentrations of 0.1 to roo mg. per liter was not active for growth promo- 
tion in severed tomato shoots (geotropic bending), whereas the same con- 
centrations of growth substance proved to be of high activity, as pre- 
viously reported (125). Borriss (9) found salts and Brecht (12) found 
simple acids to be active for cell elongation. They see no reason for assum- 
ing that acid acts only through its effect on growth substance. The present 
results with buffered solutions (Tables XIII and XIV) show that for root 
formation the concentration and composition of buffers are important 
limiting factors independently of pH effects. Thimann and Schneider (100) 
have also shown how a salt such as KCl may become an important limiting 
factor so that their results confirm our conclusions with respect to the 
influence of buffer constituents in the presence of growth substance. 

Neither D. M. Bonner (7) nor Thimann and Schneider (100) furnished 
data on which conclusions for a pH effect could be based. In D. M. Bon- 
ner’s tests (7) the pH values of buffered and unbuffered preparations of 
growth substance were the same as distilled water (pH 6.05 to 6.2) and 
also the same as the pH reported for Avena tissue (8). Thimann and 
Schneider (100, p. 274) discussed the ‘Influence of Hydrogen-ion Concen- 
tration” without referring specifically to a pH value or pH measurement. 
In discussing the literature on pH effects, Thimann and Schneider (100, 
p. 274) make the following statement: “By contrast, the induction of root 
formation by auxin shows no effect of pH even with buffering (Went, 
1934).’’ Reference to Went’s paper (1rro) will show that no data are given 
on which a pH effect could be based and there is no mention of a single 
pH value or pH measurement. Furthermore, buffered preparations were 
not used as claimed in the above quoted statement. Having used unbuf- 
fered tap water preparations which had not been adjusted to any given pH 
value, Went assumed (110, p. 448) that it would be unnecessary to adjust 
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the pH or to add salts. Finally, the suggestion of Haagen Smit and Went 
(34, p. 853) that the present authors’ results with lanolin preparations of 
growth substance represented merely an acid effect due entirely to pH 
and not to the growth substance, was not founded on any factual basis 
and they failed to note that similar results were obtained with a 1/25 stock 
solution containing 0.4 mg. per liter (37, p. 92). At this low dilution the 
acid can exert no pH effect; hence there was no possibility in these tests 
or in any other tests with low concentrations (1 p.p.m. or less) of changing 
the pH of the tissue as Haagen Smit and Went believed to be the case and 
as others have also claimed (8; 76; 99; 111, p. 173; 116). 

The question of the influence of pH on growth is complicated by the 
many different angles from which the problem has been approached. Since 
the same growth substances which are active for cell elongation are also 
active for root formation, simple cell division, etc., it would be expected 
that pH might influence all processes in a similar manner. With respect to 
root formation the results obtained in our laboratory indicate there is no 
limiting influence of pH such as that claimed for cell elongation. In con- 
trast to etiolated test objects such as the Avena, which exhibit only growth 
promotion, our test objects exhibit growth promotion, root formation, 
proliferation, and the inhibition of bud growth—that is, most of the re- 
sponses known to be induced by growth substances. Since similar responses 
are induced in the same test object by growth substance acids and their 
corresponding salts and methyl and ethyl esters independently of the pH 
of the preparation applied, it is difficult to explain the results solely on the 
basis of the dissociation hypothesis. Our results with green tissue are like- 
wise not explainable on the basis proposed by Went and Thimann (116, 
p. 99) of the excessively high (‘‘unphysiological’’) concentrations used, 
since in the case of the tomato, effective concentrations of growth sub- 
stance range from 1: 100,000,000 to 1:10, depending upon the method of 
application. 

In our tests with green tissue, growth promotion and root formation 
were not induced by simple acids nor were they induced by acid buffers 
minus growth substance, although a noticeable influence of buffer com- 
ponents was observed in the presence of growth substance (Tables XIII 
and XIV). There is the further unlikelihood that in green tissue, such as 
the tomato, the pH of the cell contents is lowered in tissue several inches 
beyond the region treated, or which is beyond the surface in contact with 
the growth substance preparation. Van Santen (82, p. 515) emphasized 
the importance of intimate contact between the external solution and the 
cell contents of Avena, if the pH of the tissue were to be lowered, which 
she accomplished by continuous aeration of the solution. However, in her 
tests the pH of the contents of Avena cells was not measured. Opposed to 
van Santen’s suggestion, that acid buffers would lower the pH of plant tissue 
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in general, are the results which we have obtained independent of pH or 
acid effects and those reported by Albaum et al. (2) in which case the pH 
of the cell contents of Nitella remained unchanged when left in contact 
with acid buffers ranging from pH 4.1 to 7.1 

Transport of applied growth substance. In tomato leaf cuttings and in 
cuttings of other plants the absorption and upward movement of the 
basally applied growth substance were indicated by the increase in number 
of roots formed and in length of tissue from which roots emerged according 
to the increase in concentration of the growth substance. Results for 
Chrysanthemum (Table X) are representative of those obtained with other 
genera. The influence of transpiration on root formation (Tables VII, 
VIII, and IX) becomes evident only when the atmospheric conditions are 
greatly different. These results are in agreement with those previously re- 
ported (42). 

The movement of indolebutyric acid upward in one-half of a split to- 
mato petiole and downward in the other half was according to the location 
of the source of the supply as indicated in Figure 4 B. Similar results were 
obtained with split stem cuttings of Hibiscus in which case a concentration 
of 40 mg. per liter was used. Special cases of upward transport to the ter- 
minal bud, illustrated for Huonymus in Figure 7, were obtained with many 
other species of plants such as Malus (flowering crab), Corylus, Ilex, Cor- 
nus, Viburnum, Rosa, Celastrus, Cotoneaster, Azalea, and Chrysanthemum. 
The concentration which will induce this type of root formation varies 
with the kind of plant, the duration of treatment, and the age and relative 
activity of tissue used for cuttings. Concentrations of indolebutyric acid 
ranging from o.1 to to mg. per liter induced root formation in tissue from 
the base of the cutting upwards for a distance of one to several inches in 
types which normally root only at or near the base, such as certain varie- 
ties or species of rose, Chrysanthemum, Kurume Azalea, Cornus, Ilex 
glabra, Ilydrangea, Forsythia, Lonicera, Ageratum, Buddleia, Callicarpa, 
Dianthus (carnation), Concord grape (softwood), Coleus, Deutzia, Euony- 
mus, Franklinia (Gordonia), Halesia, Hedera, Morus, Petunia, Philadel- 
phus, Prunus (ornamental), Spiraea, and Weigela. The following cuttings 
required a concentration of indolebutyric acid greater than ro mg. per 
liter to induce rooting for any appreciable distance upward from the base: 
Azalea mollis, Acer palmatum, Buxus, Catalpa, Chamaecyparis, Clematis, 
Cryptomeria, Dahlia, Daphne cneorum, Gardenia, Corylus, Hibiscus, Ilex 
opaca, I. cornuta, I. aquifolium, Juniperus, Kolkwitzia, Syringa vulgaris 
varieties, Magnolia soulangeana, Pachysandra, Ligustrum, Sambucus, and 
Concord grape (hardwood). 

All species of the same genus did not respond alike to a given treatment, 
and the same may be said of different varieties of the same species. Ilex 
glabra was much more sensitive than I. opaca and I. cornuta. The Briarcliff 
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FiGuRE 7. Cutting of Ewonymus radicans 17 days after lower one-third was immersed 
for 24 hours in a solution of indolebutyric acid (160 mg. per liter), Note roots on stem above 
uppermost axillary buds and on upper leaves. Cutting covered with cheesecloth while in 


rooting medium. 
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rose was more sensitive than Paul’s Scarlet and Souvenir Claudius Pernet. 
A concentration of 1 to 2.5 mg. per liter was optimum for root formation 
in the Briarcliff rose cuttings. Higher concentrations generally retarded 
bud growth for periods of one to several weeks and caused injury to the 
stems of some of the cuttings. In comparison, Oliver’s recommendation 
of solutions containing 20 to 40 mg. per liter is excessively high for roses 
(73, p. 387). Greenwood cuttings of the Concord grape were more sensitive 
than hardwood leafless cuttings. Both types of cuttings rooted profusely 
from the base upwards. A 24-hour treatment with concentrations within 
the range of 0.1 to 100 mg. per liter has proved effective for root formation 
in all of the more than 100 species which have responded to basal applica- 
tion of indolebutyric acid. The assumption by Went (113, 114) that polar 
(downward) transport disappears when concentrations of growth sub- 
stance of 10-4 M or higher are applied to cuttings does not hold true for 
the cuttings used in our tests. In the tissue used as test objects in our 
laboratory, there has been no evidence of a polar (downward) transport 
of applied growth substance; hence, a polarity which did not exist could 
not disappear. 

Considering some of the data used in support of the polarity concept, 
it is apparent that if there is less or only a slight movement upward, as 
compared to downward movement, the data are interpreted as showing a 
strictly basipetal polar transport. Examples of this are furnished by Beyer 
(6, p. 330, 339), van der Weij (107, p. 445-449), Went (109, p. 536, 537), 
and Nagao (70, p. 726). In contrast, there are many reports based upon 
similar tests which show that the transport of growth substance is not 
basipetally polar, notwithstanding that in many cases there may be a more 
pronounced or a more rapid movement in one direction (27, p. 459; 28; 51, 
P- 115; 523 533 57; 65; 80; 90; 91; 92; 93; and the reports of Laibach and 
his associates 59, 61, 62, 63). Otte (75, p. 106) remarks that the ‘‘leakage 
explanation”’ (assumed movement of growth substance along external sur- 
face of test object) to account for observed upward transport, used by 
Beyer (6) and van der Weij (107), is not supported by the results of other 
workers. The results which Went obtained with dyes (109), and Jost and 
Reiss with solutions of growth substance (52), were regarded by Clark as 
proof that there is a ‘‘semi-polarity”’ of auxin transport (14, p. 410). Clark 
(14, 15) had already demonstrated that there was no relation between 
electrical polarity and auxin transport as claimed by Went (109). Our 
results (42) showed that growth substance could be transported simul- 
taneously upward and downward in or external to the transpiration stream 
—a fact which appears untenable to Cooper (17) and Ferman (28, p. 282). 
Gustafson and Darken found that phosphorus was conducted upward in 
both the xylem and the phloem (33). Clements and Engard (16) have 
pointed out that girdling experiments are generally unreliable for demon- 
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strating whether or not there is any transport of solutes in the xylem, due 
to the damage which results from girdling. Cooper (17) has not considered 
this effect. As further evidence that organic crystalline substances are 
transported both upward and downward and in some cases to nearly all 
parts of the plant, the crystalline tobacco virus may be cited (48). At least 
it may be said with certainty that plants are provided with the mechanism 
for conducting substances simultaneously to different parts. It is thus un- 
necessary to postulate a complicated mechanism whereby certain sub- 
stances (calines) move only upward and others only downward as Went 
has done (114, 115). Ferman (28, p. 282) has considered Went’s idea 
“superfluous.’’ Propagators are familiar with the fact that many cuttings 
taken after January 1 will form shoots several inches in length before roots 
appear. We have found that when these new shoots are cut off, they root 
in a normal manner. There is thus no reason for assuming that substances 
essential for shoot growth must be sent directly from the roots. Many sub- 
stances important for growth are stored in the aerial parts of plants. 

Some of the limitations of the Avena curvature test were discussed by 
the authors previously (124), and also by Avery et al. (3), Scheer (83), and 
du Buy (26). Considering the unreliability of the Avena curvature test for 
measuring the concentration and transport of known substances, it is ob- 
vious that the method is still less suitable for measuring either the concen- 
tration or transport of natural or applied growth substances in other 
plants. The erroneous assumption that the distribution and transport of 
growth substance in other plants can be measured in terms of Avena curva- 
ture values has led to many misinterpretations and much confusion. Re- 
sults reported recently by Skoog (89) are an illustration of this fact. In the 
first place, no consideration was given by Skoog to the known difficulties 
encountered while attempting to extract growth substance quantitatively 
from green tissue, either by chemical reagents or by diffusion into agar 
(26, 94). The excess growth substance recovered may represent only a 
small part of that actually present and that which is used in growth proc- 
esses obviously cannot be recovered. 

Skoog observed that analysis of certain tomato segments gave negative 
curvatures on Avena (89, p. 371), but still maintained that ‘‘Failure to ob- 
tain auxin... was not from a lack of polarity in these tissues.’’ He has 
assumed that the unidirectional transport of tomato and squash diffusates 
in Avena stumps constitutes evidence of the transport of these substances 
in the treated plants. His evidence (89, p. 371) ‘‘Clearly the present re- 
sults are in complete agreement with the earlier work on polar transport”’ 
can thus apply only to the assumed polar transport in Avena and has no 
direct bearing or known relationship to the transport of natural or applied 
growth substances in tomato and squash. In a like manner, his explana- 
tions and conclusions with respect to distribution of growth substances, 
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channels of transport, and the influence of various factors such as trans- 
spiration, pH, etc., were erroneously claimed to be true for tomato and 
squash. Actually, the explanations can apply only to Avena which was 
used as the basis of all tests. It is to be noted that Skoog furnished data 
only on the influence of transpiration on upward transport but com- 
parable data were not given on downward transport and hence there 
was no factual basis for assuming that the rapid downward transport 
(20 cm. per hour) was independent of transpiration and consequently out- 
side of the xylem. In contrast to the indirect method used by Skoog to 
determine transport, results reported from this laboratory and also by Lai- 
bach and his associates (30, 59, 60, 61, 62, 63, 64) have been based on 
measurable growth responses in the green tissue of treated plants. The 
criticism which Skoog makes (89, p. 371) of cases where unjustified gen- 
eralizations are made ‘‘from experiments of one kind to other kinds done 
under completely different conditions”’ is exactly what he has done in gen- 
eralizing from results of transport in Avena to the type of transport as- 
sumed to occur (but not determined) in tomato and squash. In addition, 
no mention was made of a growth response in the treated plants which 
constituted the basis of our tests, and hence none of his tests was com- 
parable to ours. Reference to agreement or disagreement with our results 
must be judged from this standpoint. Data reported by Harrison (35) in- 
dicate that anatomical changes may be used to demonstrate the probable 
channels of transport which for /resine appeared to be in the xylem rather 
than in the phloem. Laibach and Fischnich (63, p. 87-88) have suggested 
that transport occurs in different channels according to the kind of plant 
—that is, in xylem, phloem, or parenchyma. 

Skoog (89, p. 367) and Cooper (18, p. 604) have assumed, without hav- 
ing determined experimentally, that when cuttings or plants are in a high 
relative humidity during treatment, there is little or no absorption of the 
basally applied growth substance. In our tests measurable absorption oc- 
curred when cuttings were placed under a bell jar (Table XIX). Other tests 
showed that the increase in root formation was not proportional to the 
increased absorption at lower humidities (Tables VII and VIII). The rela- 
tive intensity and the quality of light under glass filters also influenced 
root formation (Table IX). The physiological method (root formation) for 
determining that absorption has occurred in the treated plant, is believed 
to be more reliable and a more sensitive test than those used by Skoog (89) 
and Cooper (18) for measuring extractable growth substance on another 
plant. Cooper’s conclusions are invalid for root formation in lemon cut- 
tings, since they were based on cell elongation tests in Avena. The existence 
of a hypothetical root-forming substance (rhizocaline) should be verified 
by root formation tests and not by cell elongation tests with Avena. In our 
tests (Table XX) the root-forming activity of growth substance extracted 
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TABLE XIX 
AMOUNT OF SOLUTION ABSORBED BY LEAFLESS CUTTINGS (5 BALDWIN APPLES AND 5 


BARTLETT PEARS) DuRING 24 Hours UNDER DIFFERENT ATMOSPHERIC 
ConpDITIONS. CuTTINGS TREATED WITH INDOLEBUTYRIC ACID 


Loss by weight (g.) Loss by volume (cc.) 
Conen., With Without With Without 
mg./I. cuttings* cuttings** cuttings* cuttings** 


Opent |Closedtt| Opent |Closed tt Open} |Closedtt!| Opent | Closed tt 


40 8.2 28 = TiO 6.0 = — 
Water 8.3 Det oe! 0.5 Tat 6) 5.0 55 in) 


* Determined by weighing beaker, containing solution and cuttings, before and after 
24 hours. 
** Represents loss in weight due to evaporation from free surface. 
7 Exposed to laboratory air. 
Tt Placed under 2-liter enamel beaker lined with moist paper towel. Double layer of 
moist cheesecloth placed over tops of cuttings. 


from treated cuttings was tested for root formation in similar untreated 
cuttings. In more recent tests described in the next section the tissue ex- 
tract was active for growth promotion and root formation in the same test 
object (tomato stem cuttings). 


TUANIEILIS, OK 


Root FORMING ACTIVITY OF GROWTH SUBSTANCE EXTRACTED WITH CHLOROFORM 
FROM BASES OF 20 TREATED TOMATO LEAVES AND APPLIED TO 
Non-TREATED TOMATO LEAF CUTTINGS 


Dilution of extracted BAGO ae 
growth substance* Treated bases Control bases 
Diluted to 1/2 28 7 
Diluted to 1/4 8 3 
Control (water) 4 6 


* Residue (chloroform extraction method) made up to 50 cc. and then diluted as 
indicated. 

The postulation of several hypothetical substances (calines) for regu- 
lating growth (114, 115) is an attempt to account for upward movement 
of growth substances without appearing to reject the polarity concept. In 
a like manner, the terms food factor, primary factor, primary activity, etc. 
(116) are merely another way of saying that growth is not a simple process 
controlled directly by a single substance—“‘auxin, the plant growth-hor- 
mone”’ (rir). The idea that a single substance directly controls all import- 
ant physiological responses (cell enlargement, cell division, differentiation, 
correlation, etc.) by “‘attraction” (17, 18, 28, 111, 115, 116) or other un- 
known mechanisms, is another way of stating that physiological processes 
make use of many important substances—not in a single step, but in sev- 
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eral steps—which was a conception well known before the advent of 
growth substances. Went’s axiom ‘‘without growth substance, no growth” 
has been difficult to prove, due to the limitations of present experimental 
methods (82) and is essentially no different from that proposed by Avery 
et al. (4, p. 557) “no nitrogen, no growth,”’ and could be said of other im- 
portant substances such as P, K, C, Fe, etc. There is the further difficulty 
that certain growth responses (e. g., geotropism) appear to induce the for- 
mation of growth substance as indicated by the results reported by 
Schmitz (86), Oortwijn Botjes (74), and the authors (125). Sdding also 
suggested that the relation of growth substance to growth might be repre- 
sented in the following way: growth substance—growth—growth sub- 
stance (95, p. 302). 

At least it may be said that the marked specificity of growth substance 
action claimed by the earlier workers has been drastically modified to the 
point where specificity is the exception rather than the rule. Whereas it 
was earlier specified that a growth substance moved only downward, but 
‘never in the opposite direction’’ (108, p. 205), attempts are now being 
made to explain how and why a growth substance moves upward, accord- 
ing to some mysterious “‘attractive’’ force (114, 115). That growth sub- 
stances move upward has been known at least since 1925 (go). 

The geotropic response was used in recent tests (125) as a means of 
determining the relative effectiveness of different substances for inducing 
growth as evidenced by the increase in surface markings, regulating the 
direction (negative or positive) and rate of geotropic bending, and as evi- 
dence of transport (125). Epinasty of leaves occurred on the upright por- 
tions of stems treated with the minimum effective concentration (0.1 mg. 
per liter) which induced a measurable increase in growth (surface markings 
on stems) and a faster rate of bending. A similar epinasty of leaves was 
induced, without the application of growth substance, on plants subjected 
to a geotropic stimulus and then placed in an upright, vertical position. 
These results indicate that known growth substances applied to the to- 
mato in concentrations of o.1 to r mg. per liter induced growth responses 
similar to those induced by natural growth substance in the untreated 
tomato. Thus the unequal distribution in the shoot of naphthaleneacetic, 
indolebutyric, and indoleacetic acids appeared to be the same as that for 
the natural growth substance of tomato. Each of these three substances 
could also function the same as, and be substituted for, natural growth 
substance in causing geotropic bending in plants which had failed to re- 
spond to gravity due to loss of their natural growth substance when the 
plants were kept in the dark (123, 125). In this case, geotropic bending 
was induced when the active growth substance was applied at the tip or 
at the base of intact plants or severed shoots—thus indicating a non-polar 
type of transport for the applied growth substance. These results were con- 
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firmed by Oortwijn Botjes (74). The most convincing evidence that ap- 
plied growth substance moves longitudinally in either direction was 
indicated in recent tests whereby the applied indole substance was ex- 
tracted from treated plants and detected as an indole compound according 
to the Winkler and Petersen test (117). 

Detection of applied growth substance in treated plants. A positive test for 
indole compounds according to the Winkler and Petersen method was ob- 
tained in extracts of tissue taken from different parts of treated plants 3 
hours to 24 days after treatment with aqueous solutions or lanolin prepara- 
tions of indolebutyric or indoleacetic acids. Control tissue did not give a 
positive reaction. Although tissue extracts from treated plants gave a posi- 
tive indole test, this constitutes evidence only of the presence of an intact 
indole nucleus. However, the brilliant reddish-violet color obtained with 
treated tissue extracts was similar to that obtained with prepared aqueous 
solutions of indoleacetic and indolebutyric acids and was readily distin- 
guishable from the deep reddish coloration obtained with prepared solu- 
tions of indole or the characteristic bluish-violet color of tryptophane 
solutions. This is in agreement with the differences described by Winkler 
and Petersen (117, p. 211). Regardless of whether the substance detected 
in extracts from treated plants was the indole compound applied, the re- 
sults indicate that the applied growth substance was transported in a form 
which contained an intact indole nucleus. By this method the presence of 
applied growth substance was detected one to six inches above and below 
the region of tomato stem treated with lanolin preparations or aqueous 
solutions of indolebutyric or indoleacetic acids. Treated gladiolus corms 
gave a positive test 24 days after treatment, tomato leaf cuttings after 7 
days, and cuttings of Lonicera maacki after 17 days. It was not determined 
how long after treatment a detectable quantity of applied indole substance 
remained in the tissue. 

The ether extract, obtained according to du Buy’s method (26), from 
treated plants which gave a positive indole test, was also active physio- 
logically for growth promotion (epinasty) and root formation in tomato 
stem cuttings. By the same method, geotropically stimulated tomato 
shoots (treated with indolebutyric acid), yielded extracts from the lower 
side which contained considerably more indole substance (at least three 
times) than extracts from the upper side, as judged by the indole ring test, 
the indole colorimeter determination, and according to the relative number 
and length of roots induced in tomato stem cuttings. Since the applied 
indolebutyric acid was detected (as an indole compound) in shoots and 
roots which developed after treatment of gladiolus corms, it is evident that 
the applied growth substance was relatively stable (in a physiologically 
active form) in the tissue, and was transported acropetally from treated 
corm tissue into newly formed non-treated shoots and roots. 
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Exudates from cut portions of tomato stems and leaves also gave a 
positive test for the applied growth substance and were active for growth 
promotion and root formation in tomato cuttings. These results confirm 
our previous conclusion that transport of applied growth substance is not 
basipetally polar (42). The test for indole compounds was sufficiently sen- 
sitive to detect indolebutyric acid in a concentration of 1 to 2 mg. per liter 
and indoleacetic acid in a concentration of 3 to 5 mg. per liter. The latter 
value agrees with that reported by Winkler and Petersen (117, p. 211). 
The quantity of growth substance in the volumes of solution tested (0.01 to 
2.5 ce.) ranged from 0.00001 to 0.0025 mg. With respect to transport. it 
thus appears that applied growth substances such as indolebutyric and 
indoleacetic acids move upward and downward in plant tissue. 

Data relating to the detection of applied indole compounds indicate 
not only that the indole nucleus is relatively stable, but also that there is 
presumably not a sufficient quantity of a naturally occurring indole com- 
pound to give a positive test (in control tissue extracts) by the same 
method. However, it is a matter of interest that one of the fractions dis- 
carded during the extraction procedure (insoluble in water, alcohol, and 
ether) contained a substance which, after digestion with concentrated acid 
or alkali, gave a positive indole test. Both control and treated tissue con- 
tained this substance. It seems likely that this fraction contained a trypto- 
phane-protein complex which yielded free tryptophane following digestion 
with acid or alkali. If this assumption be true, it means that the indole 
test may be used for detecting applied indole compounds in the free state 
independently of the naturally occurring indole compounds which, in the 
tomato, appear to be present in a complex form with proteins. 

Previous methods for demonstrating that transport of applied growth 
substance is not unidirectional (42) account for the growth substance used 
in the growth responses induced, and the present method accounts for the 
excess growth substance which can be detected by the Winkler and Peter- 
sen test. In contrast, analysis of tomato tissue by the Avena method does 
not account for growth substance used in growth processes (in the tomato), 
and does not furnish a means for detecting the substance as that which 
was applied to the treated tomato plant. Results obtained by Skoog (8q) 
and Cooper (18) and the conclusions derived from them must be con- 
sidered from the standpoint of the unreliable Avena method which they 
used as a basis for determining the action of growth substance in the tissue 
of other plants. In their tests, negative values cannot be regarded as evi- 
dence that the applied growth substance did not move to or through the 
tissue analyzed. 

Identufication of applied indolebutyric acid. Basal ends of severed tomato 
shoots 10 cm. in length were treated with aqueous solutions of indolebutyr- 
ic acid. The exudate collected from the distal cut ends during a period of 
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UNKNOWN (TOMATO TISSUE) 


INDOLEBUTYRIC ACID (MERCK &CO.) 


INDOLEBUTYRIC ACID (MANSKE) 


INTENSITY 


INDOLEACETIC ACID (MERCK &CO.) 


cod NAPHTHALENEACETIC ACID (MERCK &CO) 


14 12 10 8 6 a 2 ie} 


din A 


FicureE 8. Measurements for X-ray diffraction patterns of unknown and known 
crystalline growth substances. 
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16 hours was analyzed for growth substance activity according to methods 
referred to in the preceding section (indole nucleus and physiological tests, 
both being positive) and also for X-ray diffraction characteristics. The 
procedure for extracting the growth substance was as follows: the exudate 
was acidified with HCI to pH 2.5 and shaken with ether for 3 hours. The 
ether layer was separated and added to an equal volume of 0.05 M sodium 
carbonate and shaken for 3 hours. The aqueous layer was separated, acidi- 
fied with HCI to pH 2.5, added to 1/3 its volume of ether, and shaken for 
3 hours. Separation and evaporation of the ether fraction (almost to dry- 
ness) yielded an aqueous residue which was dissolved in 95 per cent ethyl 
alcohol. The alcoholic solution was placed at —11° C. for 4 days. The 
mother liquor was then decanted, and the crystalline residue was dried 
and used, without grinding, for X-ray analysis. All other samples, for 
which data appear in Figure 8, were finely ground. 

The X-ray diffraction pattern for the unknown sample obtained from 
treated tomato shoots was similar to that for indolebutyric acid. Measure- 
ments! for these patterns appear in Figure 8. Considering these results and 
the fact that the diffraction patterns for indoleacetic, indolebutyric, and 
naphthaleneacetic acids are distinctly different (Fig. 8), it would appear 
that X-ray analysis offers new possibilities for determining the presence 
of, and the form in which natural and applied growth substances occur in 
plant tissue. 


CONCLUSIONS AND SUMMARY 


Substances highly active for root formation in intact plants and in 
cuttings of herbaceous and woody types were tested for root-forming ac- 
tivity in leaf cuttings of the tomato. Important factors which influenced 
root formation were the kind of growth substance, the species or variety of 
cutting, the age and relative activity of the tissue used for cuttings, rela- 
tive amount of leaf surface, and the atmospheric conditions (light, tem- 
perature, and humidity) during treatment. Indole and naphthalene com- 
pounds were more effective than phenyl compounds. Simple acids (citric, 
acetic, and sulphuric) were not active for root formation. Thus, claims 
repeatedly made in the literature, that a very few substances are specific 
for growth promotion but not for root formation, were not substantiated 
by our results. 

Within a limited range of concentrations, growth substance prepara- 
tions containing ethyl, methyl, and iso-propyl alcohols increased root 
formation. Above this range alcoholic preparations were toxic, but the 
alcohols themselves were not active. It is believed that solubility and 
permeability relationships were changed so as to facilitate the penetration 
of the growth substance. 


‘All X-ray diffraction data were furnished by W. A. Sisson of this Institute, 
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Retreatment of cuttings at the end of 24 hours, after removal of a basal 
portion one-half to two inches in length, induced the formation of more 
roots than in similar cuttings not retreated. These results are in agreement 
with those reported by Hellinga, Pearse, and Dorfmiiller, but are in dis- 
agreement with those of Cooper who claims that the first treatment de- 
pletes the tissue of a hypothetical root-forming substance. It would thus 
appear that data relating to retreatment cannot be used in support of the 
“local mobilization’’ hypothesis as claimed by Cooper and by Went. 

Results with the retreatment of intact cuttings (bases not removed) 
from several weeks to several months after an initial treatment with 
growth substance, indicated that there was no additive effect of the two 
treatments. In this case the controls (not treated with growth substance 
initially) responded to treatment at a later period, like cuttings which had 
received the initial treatment with growth substance. These results con- 
firm those reported by Stuart and Marth relating to ‘‘deferred”’ treatment 
of Ilex cuttings, but differ from those of Cooper and Went who reported 
a favorable effect only for cuttings which had been treated previously. 

Increasing the concentration of substances highly active for root forma- 
tion caused a noticeable increase in the number of roots formed in cuttings. 
In a like manner the length of tissue from which roots emerged was also 
a function of concentration. Substances which showed only slight or ques- 
tionable activity for root formation did not exhibit similar close relation- 
ships between concentration and rooting response. The tomato leaf cutting 
test appears to be the most sensitive and the simplest test reported for root 
formation. 

Salts and esters of growth substance acids were found to be of high 
activity although not necessarily of the same activity as the acids for root 
formation. The pH of the solution was not an important limiting factor 
within the range of pH 4.2 to 7.2 either in the case of buffered or unbuffered 
preparations which, in the absence of growth substance, were not active 
for root formation. Since growth substances were active for growth promo- 
tion and root formation at concentrations of 1 mg. per liter or less in buf- 
fered and unbuffered solutions, and under conditions in which there would 
be little or no free acid, the dissociation hypothesis has no application to 
root formation or growth promotion in green tissue. The assumption that 
the pH of cell contents of plant tissue in general is readily lowered (with- 
out injury) by acid buffers and thereby accounts for the effect of acid on 
growth, appears unlikely in our tests in which there was no provision for 
attaining an equilibrium between cell contents and the external growth 
substance solution either locally or at distances up to several inches from 
the treated region. 

Results with tomato leaf cuttings and stem cuttings of more than 100 
species of commercially important plants confirm our previous conclusion 
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that applied growth substance is transported upward and downward. The 
basal immersion method for treating cuttings, which is now the method 
used in practice, was based upon the principle that growth substances are 
absorbed readily through the basal cut surface and are transported up- 
ward. This view is not only in direct opposition to the earlier “‘apical”’ 
method of treating cuttings (recommended by Went), but is also opposed 
to Went’s “local mobilization’? hypothesis which stipulates that basally 
applied growth substance acts only by ‘‘attracting’’ toward the basal end, 
all substances essential for root formation so that the applied growth sub- 
stance itself is not transported upward. The further stipulation that up- 
ward transport can occur only under special conditions and only at concen- 
trations higher than 1o~4 M, has been definitely disproved both by our re- 
sults and by those of other workers which show that upward transport 
occurs at concentrations ranging from 2 KX 10° M to 2 X 104M. 
Substantial evidence that the applied growth substance moved upward 
in cuttings, and both upward and downward (in intact plants and severed 
shoots) from regions treated either with lanolin or aqueous preparations, 
was furnished by data in which the applied indole compound was detected 
in different parts of the treated plant by means of the Winkler and Peter- 
sen indole test. With the same method, a positive test was obtained in 
treated tissue up to 24 days after treatment. The extract of tissue from 
treated plants, but not in the case of control plants, which gave a positive 
indole test, was also active physiologically for growth promotion and root 
formation in tomato stem cuttings and for root formation in tomato leaf 
cuttings. Geotropically stimulated tomato shoots treated with indolebutyr- 
ic acid yielded extracts from the lower side which contained about three 
times as much indole substance as extracts obtained from the upper side. 
This quantitative difference was verified by physiological tests on tomato 
stem cuttings. These results are not only in disagreement with those of 
Skoog who based his conclusions on transport in Avena and not in the 
tomato as he claimed, but they indicate that the use of Avena curvature 
values is not a reliable criterion either for the action or for the transport 
of growth substance in the tissue of other plants. The sensitivity of the 
indole test was 1 mg. per liter for indolebutyric acid and 3 mg. per liter 
for indoleacetic acid. The minimum quantities of these two growth sub- 
stances which could be determined ranged from 0.00001 to 0.0025 mg., 
depending upon the actual volume of the solution tested. Results with the 
indole test indicate that the indole nucleus is not readily destroyed and 
remains for many days in a form which is physiologically active. By defi- 
nite detection of applied growth substance in treated plants, it is believed 
possible to determine the validity of many explanations for the action of 
growth substance which have been based on indirect evidence or on as- 
sumptions. The final step in identifying the structure of the applied growth 
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substance (indolebutyric acid) by means of X-ray analysis indicates that 
this method offers new possibilities for determining the presence of, and 
the form in which natural or applied growth substances occur in plants, 
and the direction and rate of their translocation. 

The tomato has proved useful for determining how natural and applied 
growth substances influence growth, differentiation, and correlative re- 
sponses in green tissue. Unlike etiolated test objects such as Avena, Pisum, 
Helianthus, etc., the tomato is readily adapted for experimental study of 
all important physiological responses characteristic of growth substances. 
It is believed the tropic response of severed tomato shoots constitutes one 
of the most valuable and one of the most sensitive tests for determining 
substances which act as, and may be substituted for, the natural sub- 
stances redistributed under the influence of gravity and light in green tis- 
sue. The modification of this test whereby the green tissue is depleted of 
natural substances which induce tropic responses, by a pre-dark treatment, 
makes it possible to determine which substances are highly active, and 
also to distinguish between those which are active and those which are not. 
From the standpoint of specificity and sensitivity, the tomato tropic test 
compares favorably with the Avena curvature test, but unlike the Avena, 
the tomato does not respond to simple acids (acid growth effect) and does 
not exhibit basipetal polar transport as claimed by Skoog. However, if we 
consider the results obtained with all test objects, there is much less speci- 
ficity of growth substance action than has been claimed by the Utrecht 
school. Data continue to accumulate in support of the idea that the growth 
substances known to date act as chemical stimulants in the sense postu- 
lated by Fitting. 
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Acidity: See Hydrogen ion concentration 

After-ripening: Arctostaphylos Uva-ursi, 71; 
Crataegus, 409; gentian, 91; grapes, 7; Vi- 
burnum, 79 

Alfalfa: See Medicago sativa 

Arctostaphylos Uva-urst: after-ripening, dor- 
mancy, germination, seedling production, 
71 

ARTHUR, JOHN M.: See Stewart, W. D. 

Ascorbic acid: carbon dioxide effect on as- 
paragus, 137; decreases in stored potato 
tubers, 17; determination, extraction, 273; 
increased in old potato tubers by cutting 
into thin slices, 17; production in potatoes 
treated with ethylene chlorhydrin, 17 

Asparagus officinalis: effects of carbon diox- 
ide on ascorbic acid content, respiration, 
pH, 137 

Auxins: See Growth substances 


Bearberry: See Arctostaphylos Uva-ursi 

Biocw, RoBertT. Anatomical changes in 
Tradescantia fluminensis Vell. after treat- 
ment with growth substances, 439 

Bordeaux mixture: comparison with other 
copper fungicides, 249; weathering, 149 

Brassica: as affected by sulphur dioxide, 179 

Buffers: effects of composition and concen- 
tration on activity of growth substances, 
493 

Butyl bromide: effects on glutathione pro- 
duction in potatoes, 25 


Calcium: effects of radiation on plants, 105 

Carbon dioxide: effects on ascorbic acid con- 
tent, respiration and pH of asparagus tis- 
sue, 137 

Cellulose: orientation, 239 

Chlorophyll: loss following treatment with 
growth substances, 316, 472 

Copper fungicides: comparison, 249; See also 
Bordeaux mixture 

Copper in Bordeaux mixture: solubilized by 
fungous spores, 149; solubility and per- 
centage increased with weathering, 149; 
solubility affected by composition of mix- 
ture, 149 

Cotton: See Gossypium hirsutum 

Crataegus: after-ripening, dormancy, germi- 
nation, 409 


CROCKER, WILLIAM: See SETTERSTROM, CARL 
Cuttings, woody: rooted with growth sub- 
stances, 465 


Denny, F. E. Combining treatments for dis- 
infecting potato tubers with treatments 
for breaking dormancy, 397; Leaf-epi- 
nasty tests with volatile products from 
seedlings, 431; Prolonging, then breaking, 
the rest period of gladiolus corms, 403 

Denny, F. E., and LAWRENCE P, MILLER. 
Suggestions for standardizing the ethyl- 
ene chlorhydrin treatment for inducing 
sprouting of recently-harvested intact po- 
tato tubers, 283 

Dormancy in gladiolus corms: as affected by 
ethylene chlorhydrin, temperature, 403; 
prolonged, 403 

Dormancy in potato tubers: growth sub- 
stances effects, 265; relation between 
quantity of ethylene chlorhydrin absorbed 
and sprouting response, 283 

Dormancy in seeds: Arctostaphylos Uva-urst, 
71; Crataegus, 409; gentian, 91; grapes, 7; 
Viburnum, 79; rapid viability test, 339 


Emanations: from plant tissues produce epi- 
nasty, 431 

Epinasty: effects of artificial orientation, 
316; of growth substances, 299; of plant 
tissue emanations, 431 

Ergothioneine: structure, 228 

Ethyl carbylamine: effects on potato tubers, 
265 

Ethylene: production by plant tissues, 431 

Ethylene chlorhydrin: comparison of 
amounts absorbed and degree to which 
potato dormancy is overcome, 283 

Ethylene chlorhydrin effects: on ascorbic 
acid production in potatoes, 17; on 6-glu- 
coside formation in plant tissues, 213; on 
B-(2-chloroethyl)-d-glucoside formation in 
gladiolus corms, 425; on dormant gladi- 
olus corms, 403; on dormant, disinfected 
potato tubers, 397; on glutathione pro- 
duction in potatoes, 17; on phosphatase 
in plant tissue, 293; decreases sulphate, 
increases glutathione in potato tubers, 233 

Ethylene thiocyanohydrin: effects on potato 
tubers, 265; preparation method, 265 


(519) 


520 


FLEMION, FLORENCE. After-ripening at 5° C. 
favors germination of grape seeds, 7; 
Breaking the dormancy of seeds of Cra- 
taegus species, 409; A rapid method for de- 
termining the viability of dormant seeds, 
339 

Formaldehyde: effects on activity of chemi- 
cals applied to overcome dormancy in po- 
tato tubers, 397 

Frasch foundation: See Herman Frasch 
foundation for research in agricultural 
chemistry 

Fungicides: See Bordeaux mixture; Copper 
fungicides 


Gases: apparatus for studying effects on ani- 
mals, plants, 161 

Gentiana: after-ripening, dormancy, germi- 
nation, seedling development, 91 

Geotropism: effects of growth substances, 
299, 498; effects on distribution of growth 
substances through plants, 455; modifi- 
cation of direction and rate produced 
by treatment with growth substances, 
299 

Germination: dormant gladiolus corms, 403; 
dormant potato tubers, 265, 283 

Germination of seeds: Arctostaphylos Uva- 
urst, 71; Crataegus, 409; gentian, 91; 
grapes, 7; lettuce, 329; Viburnum, 70; 
rapid viability test, 339 

GIERSBACH, JOHANNA. Germination and 
seedling production of Arctostaphylos 
Uva-urst, 71; Germination and seedling 
production of species of Viburnum, 70; 
Some factors affecting germination and 
growth of gentian, 91 

Gladiolus dormant corms: effects of ethylene 
chlorhydrin, temperature on germination, 
403 

Glucoside, 8: formation by ethylene chlor- 
hydrin treated plant tissue serves as de- 
toxication mechanism, 213, 425 

Glucoside, (2-chloroethyl)-6-d: formation by 
gladiolus corms treated with ethylene 
chlorhydrin, 425 

Glutathione: changes during storage of po- 
tato tubers, 17; determination method 
based on reaction with sulphur, 223; 
determination methods compared, 17; 
synthesis by chemically treated potato 
tubers, 17; synthesis from sulphate by 
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ethylene chlorhydrin treated potato tu- 
bers, 233 

Gossypium hirsutum: fiber development, 
239; orientation of fibers shown by X-ray 
diffraction, 239; pectic acid in fibers, 1 

Grape: See Vitis 

GrirFitus, A. E. Observations on the germi- 
nation of lettuce seed, 329 

Growth promotion: See Dormancy; Epi- 
nasty; Germination; Growth substances; 
Hormones; Rooting; Roots 

Growth substances: acidity effects on activ- 
ity, 493, 498; activity as affected by hu- 
midity, light, temperature, 487; anatomy 
of treated Tradescantia fluminenstis, 439; 
comparative effectiveness of acids, esters 
and salts, 493; composition and concen- 
tration of buffers effects on activity, 493; 
concentration increase increases number 
of roots on cuttings, 486; concentration 
range producing rooting, growth, toxicity, 
480, 486; deferred treatment effects, 485; 
distribution through plants, 455; effects on 
sprouting of potatotubers, 265; green tissue 
as test objects, 463; redistribution after 
treatment, 455; relative activity of in- 
dole, phenyl and naphthalene compounds, 
467; retreatment effects, 481; solvents ef- 
fects on ability to penetrate, 480; specifi- 
city for rooting, 467; substitution for hor- 
mones, 299; transpiration influence on ab- 
sorption and translocation, 487; translo- 
cation in plants, 500, 507, 508; tropic re- 
sponses in plants, 299; tropic responses as 
method for determining relative activity, 
299, 498; unequal distribution after treat- 
ment, 299; unequal distribution through 
plants, 299; See also Hormones; Indole 
compounds; Indoleaceticacid; Indolebuty- 
ric acid; Naphthalene compounds; Naph- 
thalene-acetic acid 

GUTHRIE, JoHN D. Effect of ethylene thio- 
cyanohydrin, ethyl carbylamine, and in- 
doleacetic acid on the sprouting of potato 
tubers, 265; Factors influencing the de- 
velopment of ascorbic acid and glutathione 
in potato tubers following treatment with 
ethylenechlorhydrin, 17; A new method for 
the determination of glutathione in tissues 
based on its reaction with sulphur to form 
hydrogen sulphide, 223; Phosphatase ac- 
tivity of the juice of plant tissue following 
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treatment withethylene chlorohydrin, 293; 
The utilization of sulphate in the synthe- 
sis of glutathione by potato tubers fol- 
lowing treatment with ethylene chlorohy- 
drin, 233 


HARRIS, STANTON A., and H. JEANNE 
TuHompson. Pectic acid from the cotton 
fiber, 1 

HARTZELL, ALBERT. Bionomics of the plum 
and peach leafhopper, Macropsis Trimac- 
ulata, 121 

Herman Frasch foundation for research in 
agricultural chemistry: Paper No. 140, 17; 
No. 150, 149; No. 151, 213; No. 152, 223; 
No. 153, 233; No. 156, 249; No. 157, 265; 
No. 163, 283; No. 164, 293; No. 170, 397; 
No. 172, 403; No. 173, 425; No. 174, 431 

Hetero-auxin: See Indoleacetic acid 

Hitcucock, A. E., and P. W. ZIMMERMAN. 
The use of green tissue test objects for 
determining the physiological activity of 
growth substances, 463; See also ZIMMER- 
MAN, P. W. 

Hormones: redistribution with artificial ori- 
entation, 299; unequal distribution result- 
ing from tropic responses before and after 
treatment with growth substances, 455; 
See also Growth substances 

Hydrogen ion concentration: carbon dioxide 
effects on asparagus, 137; effects on ac- 
tivity of growth substances, 493, 498; sul- 
phur dioxide effects on soils, 353 


Incomplete block replications to estimate 
tobacco-mosaic infectivity, 41, 49 

Indole compounds: X-ray diffraction analy- 
sis, 509 

Indolaecetic acid: colorimetric detection in 
treated tissues, 507; colorimetric method 
of detecting, 455; distribution through 
plants, 455; stimulates rooting on cut sur- 
faces of potato tubers, inhibits sprouting 
of potato tubers, 265; tropic responses in 
plants, 299 

Indolebutyric acid; colorimetric method of 
detecting, 455; recovery and identification 
from indolebutyric acid treated tissues, 
508; tropic responses in plants, 299; un- 
equal distribution in treated plants, 455; 
X-ray diffraction analysis of acid re- 
covered from treated tissues, 508 
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Jounson, ARNOLD N.: See McCoot, M. M. 


Lactuca sativa: chemistry of germination, 329 

Lettuce: See Lactuca sativa 

Light effects: on activity of growth sub- 
stances, 488; on tropic responses of plants 
treated with growth substances, 299, 455; 
substitution of growth substances for hor- 
mones lost when placed in darkness, 299 

Light intensity: effects on mineral composi- 
tion of tomato plants, 105 

Light quality effects: on root formation in 
cuttings treated with growth substances, 
488 

Lilium: pollen storage, 199 

Local lesion method for measuring tobacco- 
mosaic virus; statistical study, 41, 49 


McCa.ian, S, E. A., and FRANK WIL- 
coxon. Laboratory comparisons of cop- 
per fungicides, 249; See also WILCOxoN, 
FRANK 

McCoo i, M. M., and ARNotD N. JOHNSON. 
Nitrogen and sulphur content of leaves of 
plants within and at different distances 
from industrial centers, 371 

McCoot, M. M., and A. MeEnticy. Soil 
characteristics in relation to distance from 
industrial centers, 353 

Macropsts trimaculata: bionomics, 121 

Medicago sativa: as affected by sulphur di- 
oxide, 179 

Meuticu, A.: See McCoot, M. M.; You- 
DEN, W. J. 

Meristem: growth substances effects on Tva- 
descantia fluminensts, 439 

Mercuric disinfectants: effects on activity 
of chemicals applied to overcome dor- 
mancy in potato tubers, 397 

MILLER, LAWRENCE P. Evidence that plant 
tissue forms a chlorine-containing #-glu- 
coside from ethylene chlorhydrin, 213; 
Formation of $-(2-chloroethyl)-d-gluco- 
side by Gladiolus corms from absorbed 
ethylene chlorohydrin, 425; See also 
DENNY, F. E. 

Mineral composition of plants: as affected 
by light intensity, nutrient solutions, 105 

Mustard oil: from Cruciferae kills potato 
plants, 431 


Naphthalene compounds: X-ray diffraction 
analysis, 509 
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Naphthaleneacetic acid: tropic responses in 
plants, 299 

Nitrogen: effects on ascorbic acid, gluta- 
thione production in chemically treated 
potato tubers, 17 

Nutrient solutions: irradiated tomato plants 
grown in, 105 


Oxygen: necessary for development of glu- 
tathione, ascorbic acid in potato tubers, 17 


Peach leafhopper: See Macropsis trimaculata 

Pectic acid: in cotton, 1 

PFEIFFER, Norma E. Viability of stored 
Lilium pollen, 199 

Phloem: growth substances effects on Tra- 
descantia fluminensis, 439 

Phosphatase: as affected by ethylene chlor- 
hydrin treatment, 293; inhibitor, 293 

Phosphoric acid: as source of phosphorus 
for plants, 105 

Phosphorus: effects of radiation on plants, 
105 

Phototropism: effects on distribution of 
growth substances through plants, 455 

Plum leafhopper: See Macropsis trimaculata 

Pollen: storage, 199 

Potato: See Solanum tuberosum 

Propagation: See Cuttings; Germination; 
Growth substances 


Radiation: See Light; Light intensity; Light 
quality; Ultra-violet 

Radish: See Raphanus sativus 

Raphanus sativus: mustard oil constituent 
kills potato plant, 431 

Respiration: carbon dioxide effects on as- 
paragus, 137 

Rest period: See Dormancy 

Rooting: specificity of growth substances, 
467; tissues producing, increased with in- 
creased concentration of growth sub- 
stances, 489 

Roots: anatomical study of root-producing 
tissues treated with growth substances, 
439; increased with increase of concentra- 
tion of growth substances, 486; produced 
on cut surfaces of potato tubers by indole- 
acetic acid treatment, 265 


Seeds: rapid viability test, 339; See also 
After-ripening; Dormancy in seeds; Ger- 
mination; Seed testing 
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SETTERSTROM, CARL, and P. W. ZIMMER- 
MAN. Apparatus for studying effects of 
low concentrations of gases on plants and 
animals, 161; Sulphur dioxide content of 
air at Boyce Thompson Institute, 171 

SETTERSTROM, CARL, P. W. ZIMMERMAN, 
and WiLLiAM Crocker. Effect of low 
concentrations of sulphur dioxide on yield 
of alfalfa and Cruciferae, 179 

Sisson, WaAyNE A. Orientation in young 
cotton fibers as indicated by X-ray dif- 
fraction studies, 239; X-ray diffraction 
analysis and its application to the study 
of plant constituents, 381 

Sodium thiocyanate: effects on dormant, 
disinfected potato tubers, 397 

Soils: as affected by sulphur dioxide, 353; 
sampling method, 59 

Solanum tuberosum: large scale treatments to 
hasten sprouting, 283; rooting from cut 
surfaces produced by indolebutyric acid, 
265 

Spores: solubilize copper in Bordeaux mix- 
ture, 149 

STEWART, W. D., and Joun M. ARTHUR. 
Change in mineral composition of the to- 
mato plant irradiated with a quartz-mer- 
cury vapor lamp and its relation to the 
level and ratio of calcium and phosphorus 
in the nutritive medium, 105 

Sulphate: utilization in glutathione synthe- 
sis by potato tubers, 233 

Sulphur dioxide: apparatus for studying ef- 
fects on animals, plants, 161; in air at 
Yonkers, N. Y., 171 

Sulphur dioxide effects: on plants, 171, 170, 
371; on soils, 353 


Temperature effects: on germination of dor- 
mant gladiolus corms, 403 

Thiourea: effects on dormant, disinfected 
potato tubers, 397 

THOMPSON, H. JEANNE: See HARRIS, STAN- 
TON A. 

THORNTON, Norwoop C. Carbon dioxide 
storage. X. The effect of carbon dioxide on 
the ascorbic acid content, respiration, and 
pH of asparagus tissue, 137; Extraction 
and determination of vitamin C in plant 
tissue, 273 

Tobacco-mosaic: statistical method for esti- 
mating virus infectivity, 41, 49 
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Toxicity of ethylene chlorhydrin: decreased 
by 6-glucoside formation in plant tissues, 
213, 425 

Tradescantia fluminensis: anatomical 
changes produced by growth substances, 
439 

Translocation: studied through 
growth substances, 500, 507, 508 

Tropisms: as a method for determining ac- 
tivity of growth substances, 299, 498; ef- 
fects of artificial orientation, 455; effects 
of growth substances, 299 


use of 


Ultra-violet: effects on mineral composition 
of tomato plants, 105 


Viburnum: after-ripening, dormancy, ger- 
mination, seedling production, 79 

Virus diseases: statistical method for esti- 
mating virus infectivity, 41, 49 

Vitamin C: See Ascorbic acid 

Vitis: after-ripening, dormancy, germina- 
tion, 7 

Volatile products: from plant tissues pro- 
duce epinasty, 431 


WILcCoxoNn, FRANK, and S. E. A. McCat- 
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LAN. The weathering of Bordeaux mix- 
ture, 149; See also McCaALian, S. E. A. 


X-ray diffraction analysis: corroborates mi- 
croscopic analysis of plant constituents, 
381; membranes, 239; of indole and naph- 
thalene growth substances, 509; of in- 
dolebutyric acid recovered from treated 
tissues, 508 

X-ray diffraction studies of cellulose orien- 
tation, 239 


YoupDEN, W. J. Dilution curve of tobacco- 
mosaic virus, 49; Use of incomplete block 
replications in estimating tobacco-mo- 
saic virus, 41 

YOUDEN, W. J., and A. Mrenticy Selection 
of efficient methods for soil sampling, 59 


ZIMMERMAN, P. W., and A. E. HitcHcock. 
The combined effect of light and gravity 
on response of plants to growth sub- 
stances, 455; Tropic responses of leafy 
plants induced by application of growth 
substances, 299; See also HiITCcHCcock, 
EN, 1B, : 

ZIMMERMAN, P. W.: See also SETTERSTROM, 
CARL 


